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Abstract
There is increasing global interest in the application of circular economy as a tool for enabling the
decoupling of economic growth from environmental degradation. Despite this growing interest, there is a
lack of in-depth insight about the quantified potential benefits that value-retention processes (VRPs) – direct
reuse, repair, refurbishment and remanufacturing – can contribute to circular economy and improved
resource efficiency. In this assessment, product-level production impacts are bridged with economy-level
insights about market, regulatory, technological and infrastructure conditions, to demonstrate and quantify
the essential role of value-retention processes within circular economies. Three representative products
were selected from each of three industrial sectors known to engage in VRPs (Industrial digital printers,
vehicle parts, and heavy-duty and off-road equipment), and select environmental and economic impacts
were assessed at the material- and product-levels. Results indicate that, where appropriately employed, the
adoption of VRPs can lead to significant reduction of negative environmental impact and positive economic
opportunity at the product- and process-levels. Further, these insights were assessed in the context of diverse
sample industrial economies around the world (Brazil, China, Germany, and United States of America) to
better understand the significance of varied systemic conditions and barriers to VRPs in the realization of
circular economy objectives. In aggregate, this work highlights the need for policy-makers and decisionmakers to incorporate systems-perspectives and integrated environmental and technology policy
approaches into their circular economy strategies. Industry must embrace a product-system design approach
that considers both forward- and reverse-logistics, as well as a new value-proposition based in maximized
customer utility, multiple product service lives, and results-oriented business models. In parallel,
governments of both industrialized and non-industrialized economies must look for opportunities to further
enable, enhance, optimize, and improve the efficiency of accepted value-retention practices if they are to
optimize their potential for value-retention and the pursuit of circular economy.
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Glossary of Terms
Arranging Direct Reuse: The collection, inspection and testing, cleaning and redistribution of a product
back into the market under controlled conditions (e.g. a formal business undertaking).
Avoided Environmental Impacts: Refers to a scenario-based demonstration of the environmental impacts
that are avoided by an economy due to the use of value-retention processes (VRPs) within the production
mix. (Refer to terms Value-Retention Process, and Production Mix, below) This approach presents the
differential environmental impacts between a scenario in which total supply comes from OEM New units,
and the scenario in which total supply incorporates the actual economy-specific production mix which
includes value-retention processes (VRPs) to varying degrees. This impact differential, based on actual
production volumes, presents the environmental impacts that are avoided because of economy-specific
production mix.
Component: Refers to a constituent part of a broader defined system; an element of a larger whole object
that could be a part and/or a product. For the purposes of this report, component is used to refer to the
constituent parts of the defined case study products.
Comprehensive Refurbishment: Refers to the refurbishment of used equipment that takes place within
industrial or factory settings, with a high standard and level of refurbishment. Refurbishment increases or
restores the product’s performance and/or functionality and enables the product to meet applicable technical
standards or regulatory requirements, with the result of making a fully functional product to be used for a
purpose that is at least the one that was originally intended (Please refer to Refurbishment term below).
Core: A core is a previously sold, worn or non-functional product or module, intended for the
remanufacturing process. During reverse logistics, a core is protected, handled and identified for
remanufacturing to avoid damage and to preserve its value. A core is usually not waste or scrap, and it is
not intended to be reused for other purposes before comprehensive refurbishment or remanufacturing takes
place.
Eco-Innovation: Refers to any innovation that makes progress towards the goal of sustainable development
by reducing impacts on the environment, increasing resilience to environmental pressures or using natural
resources more efficiently and responsibly. (European Commission 2006)
Embodied Material Emissions: Refers to the carbon dioxide and greenhouse gas equivalent emissions
emitted during the extraction and primary processing stages of materials later used as inputs to OEM New
and value-retention process production activities; ‘cradle-to-gate’ up until entering the production facility
‘gate’. Modeling of embodied material emissions uses a material-specific conversion (kgCO2-eq./kg), based
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on the global average for each material type, in accordance with the Inventory of Carbon and Emissions
(ICE) (Hammond and Jones 2011).
Embodied Material Energy: Refers to the energy consumed during the extraction and primary processes
stages of materials later used as inputs to OEM New and value-retention process production activities;
‘cradle-to-gate’ up until entering the production facility ‘gate’. Modeling of embodied material energy uses
a material-specific conversion (MJ/kg), based on the global average for each material type, in accordance
with the Inventory of Carbon and Emissions (ICE)(Hammond and Jones 2011).
End-of-Life (EOL): Refers to the point in the product or object’s service life at which the product or object
is no longer able to function or perform as required, and for which there are no other options for the product
but to be recycled or disposed into the environment.
End-of-Use (EOU): Refers to the point in the product or object’s service life at which the product may not
be needed by the current owner/user, or able to function or perform as required, and for which there are
other options available to keep the product and/or its components within the market, via value-retention
processes (VRPs). It is important to note that EOU may occur without any product issue at all: The owner
may simply no longer want or need the fully-functioning product, even though it has not yet fulfilled its
entire expected service life. This includes various forms of obsolescence, which refers to the process of
becoming obsolete, outdated or no longer used due to defects (material obsolescence), lack of
interoperability or incompatibility of software (functional obsolescence), the desire for a new version
(psychological obsolescence), or because repair/maintenance to maintain performance is expensive
(economic obsolescence).
End-of-Waste (EOW): Refers to conditions under which certain specified waste shall cease to be waste
(per Directive 2008/98/EC), specifically: when it has undergone a recovery, including recycling; the
substance or object is commonly used for specific purposes; a market or demand exists for such a substance
or object; the substance or object fulfills the technical requirements for the specific purposes and meets the
existing legislation and standard applicable to products; and the use of the substance or object will not lead
to overall adverse environmental or human health impacts. (Directive 2008/98/EC)
Expected Service Life: Refers to the manufacturer’s expectations about the time-period for which a
product can be used, usually specified as a median, and reflecting the time that the product can be expected
to be serviceable and/or supported by its manufacturer.
Full Service Life: Refers to value-retention processes (VRPs) that enable the fulfillment of a complete new
life for every usage cycle of the product, and includes manufacturing (OEM new), comprehensive
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refurbishment, and remanufacturing. These processes take place within factory settings and industrial
operations.
In-Use Product Stock: Refers to products in ‘active use’, including those being repaired for return to the
original user. Different from traditional ‘stock’ terminology, In-Use Product Stock excludes end-of-use
(EOU) products that have been removed from the marketplace to be used as input to direct reuse,
refurbishment, comprehensive refurbishment, or remanufacturing. For purposes of clarity, In-Use Product
Stock also excludes end-of-life (EOL) products that have entered recycling or disposal streams.
Market Transformation: A strategic approach to intervening in the market with the objective of increasing
the share of VRP products. In the context of policy-makers, this intervention may be associated with
targeted programming to accomplish this goal; in the context of industry, this intervention may be a
coordinated marketing strategy to tackle increased customer/consumer awareness and education. (Keating
et al. (1998, 13).
Module: Refers to a self-contained unit or item, such as an assembly or segment of a larger product, which
itself performs a defined task and can be linked with other such units to form a larger system.
New Material: Refers to the total ‘new’ (not reused via value-retention processes (VRPs)) material that is
required as inputs to complete each OEM New and Value-Retention Process. New material can include a
mixture of virgin (primary) and recycled (secondary) content, given that most of materials available for
purchase in the global economy consist of some mixture thereof. The assumed ratio of virgin and recycled
content used in modeling is based on the global average for each material type, in accordance with the
Inventory of Carbon and Emissions (ICE)(Hammond and Jones 2011).
OEM New: Refers to traditional linear manufacturing production process activities that rely on 100% new
material inputs, and which are performed by the original equipment manufacturer (OEM).
Original Equipment Manufacturer (OEM): Refers to the manufacturer of the original parts or
equipment, including the items manufactured, assembled and installed during construction of a new
product. The OEM may or may not be responsible for marketing and/or selling of the product.
Part: Refers to a piece or segment of an object; may also be a component of a product. For the purposes of
this report, part is used to acknowledge that the case study product may be a component of a larger defined
product (e.g. vehicle parts, which are components of a vehicle).
Partial Service Life: Refers to value-retention processes (VRPs) that enable the completion of, and/or
slight extension of, the expected product life, through arranging direct reuse of the product, repair, and
refurbishment. These processes take place within maintenance or intermediate maintenance operations.
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Potential Reusability: Refers to the extent to which a product complies with End-of-Waste conditions, and
thus qualifies as an input to value-retention processes.
Primary Material Also referred to as virgin material, refers to a material that has not been previously used
or consumed, or subjected to processing other than for its original production. Primary material is assumed
to contain no (zero) recycled content.
Process Emissions: Refers to the carbon dioxide and greenhouse gas equivalent emissions emitted during
the OEM New and/or value-retention process production activities. Modeling of process emissions is based
on process energy (MJ/unit), converted using economy specific GWP 100a factors to account for grid mix
of the producing economy (Ecoinvent 3.3 2016).
Process Energy: Refers to direct at-the-meter energy consumed during the OEM New and/or valueretention process production activities, grossed-up to account for economy-specific electricity supply-chain
efficiencies. Scaled process energy results include direct electricity consumption, as well as average
electricity generation, transmission, and distribution losses specific to the producing economy (World
Energy Council 2015).
Product: Refers to an article, object or substance that is manufactured or refined for sale, that is the final
output of a process.
Product Lifetime: Refers to the period that starts at the moment a product completes original manufacture
and ends when the product is beyond any reuse or recovery at the product-level. (den Hollander, Bakker,
and Hultink 2017)
Product Platform: Refers to a set of common elements, including underlying technical components, parts
or technology that are shared across a range of the company’s products. New derivative products can be
developed and launched by the company based on a common product platform.
Production Mix: Refers to the equivalent production shares of OEM New and Value-Retention Processes
that are adopted within a sample economy under different scenario conditions. Like ‘market share’, this
refers to the percentage of total production that is accounted for by each production process.
Recycling: Refers to the relevant operations specified in Annex IV B to the Basel Convention. Recycling
operations usually involves the reprocessing of waste into products, materials or substances, though not
necessarily for the original purpose, and does not cover operations that recover energy from waste.
Refurbishment: Refers to the modification of an object that is a waste or a product that takes place within
maintenance or intermediate maintenance operations to increase or restore performance and/or
functionality or to meet applicable technical standards or regulatory requirements, with the result of making
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a fully functional product to be used for a purpose that is at least the one that was originally intended. The
restoration of functionality, but not value, enables a partial new service life for the product.
Remanufacturing: Refers to a standardized industrial process that takes place within industrial or factory
settings, in which cores are restored to original as-new condition and performance, or better. The
remanufacturing process is in line with specific technical specifications, including engineering, quality, and
testing standards, and typically yields fully warranted products. Firms that provide remanufacturing
services to restore used goods to original working condition are considered producers of remanufactured
goods.
Repair: Refers to the fixing of a specified fault in an object that is a waste or a product and/or replacing
defective components, in order to make the waste or product a fully functional product to be used for its
originally intended purpose.
Reuse: Refers to the using again of a product, object or substance that is not waste, for the same purpose
for which it was conceived, without the necessity of repair or refurbishment.
Secondary Market: Also referred to as the aftermarket, is a market for used goods or assets, or an
alternative use for an existing product or asset where the customer base is a second, or derivative (related)
market. Items on the secondary market may or may not be manufactured by the OEM
Secondary Material: Also referred to as recycled material, refers to any material that has been used at least
once before, is not the primary product of a manufacturing or commercial process, and can include postconsumer material, post-industrial material, and scrap.
Service Life: Refers to a product’s total lifetime during which it can be used economically or the time
during which it is used by one owner, from the point of sale to the point of diversion for reuse via VRPs,
or to the point of disposal (Cooper 1994). This is differentiated from Expected Service Life as it refers to
the actual service life and is not necessarily associated with manufacturer expectations or commitments.
Technical Nutrients: Refers to non-toxic, highly-stable materials that have no negative effects on the
natural environment, that are designed to be recovered and reused within production activities, that and can
be used in continuous cycles without losing integrity or quality.
Upgrade: Refers to the act of raising a product to a higher standard with the objective to improve
performance, efficiency, and/or functionality by adding or replacing components, including electronic
and/or software. For the purposes of this report, an upgrade that is performed as the primary and/or sole
objective of a VRP is categorized as a ‘refurbishment’; Upgrades performed as one of several process steps
of comprehensive refurbishment or remanufacturing are not distinguished.
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Value-Retention Processes (VRPs): While recycling is also an integral part of circular economy, for the
purposes of this study the expression Value-Retention Processes (VRPs) only refers to activities, typically
production-type activities, that enable the completion of, and/or potentially extend a product’s service life
beyond traditional expected service life. These processes include arranging direct reuse, repair,
refurbishment, comprehensive refurbishment, and remanufacturing. These processes help to retain value in
the system via enhanced material efficiency, reduced environmental impacts, and may potentially offer
economic opportunities associated with primary material production and traditional linear manufacturing.
Waste: Refers to any substance or object which the holder discards or intends or is required to discard.
(Directive 2008/98/EC)
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1. Introduction
There is a growing awareness of the urgency to address the escalating resource use and environmental
degradation associated with continued economic growth. The need to transition towards more sustainable
economic systems, and improved material and resource efficiency through a circular economy is clear.
The International Resource Panel (IRP), an independent scientific panel operating under its parent
organization, the United Nations Environment Programme (UNEP), has published several reports related
to metals, assessing current available stocks, opportunities and issues with recycling, and the environmental
and social risks associated with anthropogenic use patterns. (UNEP 2011, 2014, 2016b, 2017) There is
already recognition for the importance of considering alternative options for the management of products,
their materials, and their components at the end-of-use (EOU) to further decouple economic growth from
resource consumption and environmental degradation. (UNEP 2011, 2014, 2016b, 2017) Among many
proposed sustainability priorities, the circular economy has been proposed as a promising option for
transitioning industrial economies towards longer-term sustainable economic systems.
This dissertation aims to provide new data, insight, perspective, and modeling tools to support and enable
enhanced market transformation in pursuit of circular economy via the adoption and scale-up of activities
that serve to retain inherent value of a product through arranging direct reuse, repair, refurbishment,
and remanufacturing (hereafter collectively referred to as value-retention processes or VRPs).
Expanding VRP production practices and VRP demand can offer substantial and verifiable benefits in terms
of resource efficiency, circular economy, and protection of the environment. However, the intensity and
adoption of VRPs globally have been limited due to significant technical, market, infrastructure, and
regulatory barriers (U.S. International Trade Commission 2012). Failure to alleviate these barrier conditions
may inhibit the necessary market transformation required for a more circular global economy, however
there is no clear, accepted understanding of the strategy that will most effectively activate and enable such
market transformation.
The vast majority of industry and academic response to this challenge inadequately acknowledges the fullscale interconnectedness of the much larger production-consumption system at play, and the essential role
of the customer/consumer. These simplified and fragmented approaches have also prevented the
aggregation of VRP-related data and insights that are needed to mobilize key industry and government
interest: while LCA’s provide product-level efficiency opportunities from VRPs, no work has yet forecast
the global value of these efficiencies as demand and preference change over time; No work has yet
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attempted to quantify the efficiency-losses ensured by the failure to remove barriers to VRPs in different
economies around the world, nor to quantify the resource efficiency potential enabled by the alleviation of
barrier conditions.
This research uses a grounded theory approach to construct a hybrid-model that accounts for the many
product-level considerations, system agents, and interconnectedness of the complex system. Unlike existing
efforts, this system model accounts for the presence (or absence) of barriers and conditions that constrain
different agents and aspects across the entire system; in addition, it reflects how the presence (or absence)
of these factors ultimately affects key environmental and economic impact factors over time. The insights
of the model are tested through four economy case study scenarios, depicting different combinations of
system conditions and barriers, using real-world data from major economies that cumulatively account for
46.2% of global GDP (World Bank 2016): USA, Germany, Brazil and China. In addition, market
transformation and policy strategy insights, and potential targets, are revealed through additional
simulations reflecting aggregated global impacts of the Status Quo, Standard Open Market, and Theoretical
High scenarios.
At a minimum, this work aims to meaningfully respond to the following research questions:
1. What are the product- and process-level environmental and economic implications of circular VRPbased production, relative to traditional linear OEM New production?
2. What are the economy-level environmental and economic implications of circular VRP-based
production, relative to traditional linear OEM New production?
3. What are the impacts of regulatory, market-based, technological, and collection infrastructure
barriers to VRPs, and how do they afffect transition to circular economy?
4. What behavioral-economic conditions influence the adoption and diffusion of VRP innovations
within markets, and what interventions are possible to alleviate these kinds of market-based
barriers?
5. What industry actions can be taken, via VRP market transformation, to amplify positive system
conditions and/or diminish negative system impacts?
6. What actions can be taken by industry and policy-markets to support and enable VRP market
transformation for circular economy through VRPs?

1.1 Significance of the Research
The research presented herein provides an assessment of the role that VRPs have to play in the transition
to more circular economies and improved resource efficiency in developed/industrialized and
developing/non-industrialized economies. Quantification of the comparative benefits and impacts across
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VRPs, in comparison with traditional linear production, offers new support for, and justification of the need
for evolution in attitudes towards the concept of reuse at both industry and policy-making levels. In addition,
this work serves to highlight that all reuse activities are not equal: there are important distinctions between
VRPs, both in terms of the actual activity undertaken, as well as the impact and value of that VRP activity
in economic, social and environmental metrics. The increased understanding and education regarding the
contribution of VRPs to circular economy and material efficiency are complementary outcomes that offer
qualitative support for the transition to more circular economies and production processes.
This research is of benefit to a range of stakeholders, including but not limited to OEM’s, VRP entities,
industry associations, policy analysts, and policy-makers alike. The scaling of, and transition to more
circular economies and improved resource efficiency requires initiative and coordination across sector,
regional, national and international boundaries.
Specifically, this work will contribute to the literature across six key areas:
1. Increased understanding of, and appreciation for the wide range of VRP processes that are already
prevalent around the world, through the comparison of key impacts resulting from four economy
scenarios, reflecting varying market, regulatory, cultural, and technological conditions;
2. Inclusion of system complexity factors including multiple agents, delayed feedback loops, and nonlinear consumer behaviors;
3. Estimated current and potential positive impacts and material efficiency that result from VRPs,
relative to traditional linear production, at the product, market and international levels;
4. Identified key barriers to increased market penetration and uptake of VRPs within domestic
economies;
5. Reflection of the entire economic system of four scenario economies, as they fluctuate and are
affected by barriers to VRPs and evolving market conditions and behaviors, over time; and
6. Extension of VRP-specific demand and diffusion modeling that acknowledges differentiated
consumer response to VRP products, and offers insights into consumer-targeted interventions that
can support the adoption of VRPs and market transformation for circular economy.

1.2 Dissertation Document Structure
This document incorporates the approaches and outcomes of two distinct initiatives: 1) an assessment study
funded by and conducted for the IRP between January 2015 and March 2017 (See Sections 1, 2, and 3);
and 2) an extension study investigating an expanded demand modeling approach that incorporates VRPspecific behavioral-economic considerations currently not addressed within the literature (See Section 4).
Insights from the IRP assessment and the extended model are presented and discussed in Section 5.
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Figure 1: Overview of dissertation and research structure

Subsequent to the necessary introduction and background sections describing context, approach and
important considerations related to VRPs within a circular economy, as presented in Section 1, it should be
noted that discussion of the study is structured to align with the summarizing visual description in Figure
1:
•

Case Study Methodology (Section 2): What is the conceptual framework for assessing and
modeling product-level and economy-level insights about the impacts of VRPs? What are the
limitations of these studies?

•

Product Perspective (Sections 3.1 to 3.3): What are the per-unit input requirements, by-products,
and implications of traditional linear (‘new’) production, as compared to the same product brought
back to the market through arranging direct reuse, repair, refurbishment, or remanufacturing
processes. Could quantification of these VRP impact advantages/avoidances create new firm
incentives to switch or diversify away from strictly linear production activities?
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•

Economy

Perspective

(Section

3.4):

Developed/industrialized

and

developing/newly

industrialized economies alike are currently engaging in VRPs at varied levels for economic and
environmental reasons; how do the aggregated benefits and impacts of VRPs compare across key
markets, under different conditions? Looking within and across markets, how do current conditions
and barriers impede the growth of VRPs?
As part of a transition to circular economy, it is also essential that action be taken to improve the efficiency
and ease of both VRP product production and exchange. To contribute to scaling of circular economy, firmlevel and government-level responses must be deliberate and organized. While VRPs highlight essential
process innovations that contribute to circular economy, three particular perspectives deserve attention, as
covered in Sections 4 and 5:
•

Market Perspective (Section 4): What factors influence and affect demand and adoption of VRP
product options by buyers/users? What decision-theory and behavioral-economics considerations
might be incorporated into a VRP demand model to enhance understanding of some of the drivers
of circular economy and VRP diffusion? How will enhanced modeling of eco-innovation diffusion
support the development of improved industry- and policy-level strategies and interventions?

•

Design Perspective (Section 5.2): What new efficiencies are possible through product design
innovation (e.g. design for disassembly) that could increase the collection, application, and demand
for VRP products in the market?

•

Policy- and Decision-Maker Perspective (Sections 5.3, 5.4, and 5.5): How can government and
industry decision-makers facilitate growth of VRPs while ensuring user/consumer protection,
through innovative policy that facilitates safe presence of VRP products in the market?
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1.2.1 Introduction to the IRP Assessment Report
The potential value of the circular economy goes well beyond the recycling of materials in their raw form;
in the circular economy, value is ultimately embedded in our ability to retain the embodied and inherent
value of product material, structural form, and ultimate function. Capturing, preserving, and re-employing
this value not only serves to offset virgin material requirements, but also reduces required production
activities and enables new value altogether by ensuring the completion of, and/or potentially extending a
product’s expected life.
However, to extend this knowledge and render it actionable in the contemporary industrial economy, there
is a clear need to explore the strategies by which these benefits may be achieved. In this respect, an
exploration of activities that serve to retain inherent value of a product through VRPs is necessary for
identifying the means to improve industrial system circularity. An exploration of each VRP, its role in the
current industrial paradigm, and its potential to impact the future of the circular economy can thus shed
light on the most effective ways to enhance resource efficiency and reduce environmental impacts
associated with primary material production and traditional linear manufacturing.
Finding ways to achieve this ‘decoupling’ is a focus of the International Resource Panel in the pursuit of a
worldwide system of resource use that is socially equitable, economically efficient, and environmentally
healthy. Through the deployment and scaling of VRPs worldwide, the objectives of increased system
circularity in the industrial economy, decoupling of economic growth from environmental degradation, and
resource efficiency can be successfully pursued. It is critical, then, to understand the different ways in which
these processes may interact within, and affect categorically, diverse economies.
A primary objective of this assessment is to evaluate whether innovation within the production process can
enable reduced negative environmental impacts of production without compromising economic opportunity
and the satisfaction of consumer needs. Quantification of the comparative benefits and impacts across
VRPs, is determined for case study products and sectors, and sample economies. In addition, this study
serves to highlight that there are important distinctions between VRPs, both in terms of the actual activity
undertaken, as well as the impact and value of that VRP activity in economic and environmental metrics.
The increased understanding and education regarding the contribution of VRPs to circular economy and
material efficiency are complementary outcomes that offer qualitative support for the transition to more
circular economies and production processes.
This study is of benefit to a range of stakeholders, including OEM’s, VRP entities, industry associations,
policy analysts, policy-makers, members of the value-chain, and end-customers/users alike. The scaling of,
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and transition to more circular economies and improved resource efficiency requires initiative and
coordination across sector, regional, national and international boundaries.
While some decoupling technologies and techniques (e.g. VRPs) are already commercially available and
used in both developing/newly industrialized and developed/industrialized economies, increasing the
dissemination, adoption, and economic viability of these approaches remains a challenge.

1.2.2 Scope of the IRP Assessment
This report acknowledges the urgency and magnitude of the sustainability challenge, and the complexity of
responding appropriately. As described in Figure 2, this report focuses on a specific subset of concepts and
applied options, necessarily differentiating circular economy motivations and interests from broader
sustainability motivations and interests (Refer to Section 1.3.1).

Figure 2: Scope of this report in broader context of sustainability and circular economy

While sustainability priorities are highly relevant and pertinent, circular economy is positioned as one of
many potential mechanisms for pursuing broader sustainability objectives, particularly in the context of
industrial economies (Refer to Section 1.3.2). The perspectives, challenges, and opportunities for nonindustrialized economies to engage in circular economy are also incorporated wherever possible. In
addition, the nature of circular economy necessarily emphasizes primary stakeholders that include
government, industry, and customers/users within production-consumption systems (Refer to Section
1.3.3).
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The circular economy differentiates between biological nutrient (organic) material flows and technological
nutrient (inorganic or synthetic) material flows (Ellen MacArthur Foundation 2013b, McDonough and
Braungart 2010). Unlike biological nutrients, technical nutrients can be cycled through a production system
multiple times without a loss in quality, and as such are a relevant focus for this assessment of production
and VRPs. This emphasis on technical nutrients guided the selection of case study sectors and products,
which are predominately made of technical nutrients. Other sectors that are actively engaged in circular
economy initiatives, such as the textile/apparel industry, produce products that are a mixture of biological
and technical nutrients.
In addition to traditional ‘OEM New’ linear production, the VRPs that are specifically assessed in this study
are:
•

Arranging direct reuse;

•

Repair;

•

Refurbishment (including comprehensive refurbishment); and

•

Remanufacturing.

The definitions and descriptions of these VRPs are further described in Section 1.5.
Reflecting geographical scope of sample economies Brazil, China, Germany, and the USA, specific case
study assessments were performed upon nine products that represented three sectors known to engage in
VRPs (Please refer to Table 1). These rationale behind the selection of these sectors and products is further
described in Section 2.3.
The primary comparative metrics assessed and reported in this study include:
•

New material offset (avoided) (kg);

•

Embodied material energy (MJ/unit);

•

Process energy (MJ/unit);

•

Embodied material emissions (CO2-eq./unit);

•

Process emissions (CO2-eq./unit)

•

Cost advantage ($ USD); and

•

Employment opportunity (Full-time equivalent worker, or FTE).

While emissions impacts (kgCO2-eq.) reflect direct environmental impacts, additional measures of new
material use, and energy requirement, are included to account for indirect environmental and sustainability
impacts.
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Table 1: Case study products and sectors

Sector

Case Study Products

HS92 International Trade Code
Reference*

1. Vehicle engine (Traditional,
cast iron cylinder block)
Vehicle Parts

840710-90

2. Vehicle alternator

840991

3. Vehicle starter motor

840991

• Vehicle engine (Lightweight,
aluminum cylinder block)1

n/a

1. Production printer
Industrial Digital Printers

2. Printing press (#1)

844319

3. Printing press (#2)
HDOR Equipment Parts

1. HDOR engine

840820

2. HDOR alternator

840999

3. HDOR turbocharger

841480

*Note: HS92 International Trade Codes are a harmonized commodity description and coding system that allows for participating countries to
classify traded goods on a common basis for customs purposes. Introduced in 1988, the Harmonized System (HS) has been adopted by most
countries, worldwide, and enables within-category data collection and comparison. (UN International Trade Statistics Knowledgebase 2018)

Specifically, this report will contribute to the literature across five key areas:
1. Increased understanding of the wide range of VRPs that are already prevalent around the world;
2. Estimated current and potential impacts and material efficiency that result from VRPs at the
product, market and international levels;
3. Identified key barriers to increased market penetration and uptake of VRPs within domestic
economies;
4. Assessed sensitivity of VRP impacts to the presence of key barriers, with the objective of informing
corporate and government policy opportunities; and
5. Examined corporate (design & process) and government (trade, infrastructure, and incentives)
policy options in support of accelerated transition to circular economy through VRPs.
The scoped focus of this report is not a commentary on broader and/or potentially conflicting sustainability
motivations; instead this report offers a scoped assessment of a potential framework for evaluating and
responding to sustainability challenges within the industrial economy. Further, this report focuses on a
direct comparison of the traditional linear production system against alternative VRP options that may offer

1

The lightweight vehicle engine is not considered to one of the case study products. To reflect implications of alternate
sustainable design approaches, this additional product example of a lightweight (vs. traditional) vehicle engine was
assessed at the material- and product-levels only (See Sections 3.1.2.1 and 3.4.4.4) and is not included as a standard
part of further analysis or results.
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reduced negative environmental impacts of production. Given this emphasis on the process innovation
within the production system, the report acknowledges, but does not go into extended depth on the
consumption-side of the circular economy.
Expanding the use of VRP practices can offer substantial and verifiable benefits in terms of resource
efficiency, circular economy, and protection of the global environment. However, their intensities and
adoption globally have been limited due to significant technological, market, collection infrastructure, and
regulatory/policy barriers. This study seeks to quantify the value of each different VRP across a range of
metrics related to resource efficiency and the circular economy. In addition, barriers that have inhibited the
growth and scale-up of VRP activities around the world are identified and discussed.

1.3 Introduction to Circular Economy
In today’s increasingly globalized and growing industrial economy, traditional linear models of production
and consumption, often referred to as “take, make and dispose”, are insufficient. They allow the materials,
components, and embodied value of products to be lost from the industrial system, most notably at the end
of life (Bocken et al. 2016, McDonough and Braungart 2010, Sundin and Lee 2012). As a result, these
linear production models require continuously high levels of new (virgin- and recycled-sources) resource
input and production activity to meet ongoing demand, and thus create negative environmental impacts—
emissions, waste generation, and water consumption (Ellen MacArthur Foundation 2013a, World
Economic Forum and Ellen MacArthur Foundation 2014). It is becoming increasingly clear that take-makedispose models of industrial production are incompatible with the level of sustained social, economic, and
environmental development to which global communities aspire.
In the absence of material and product collection and reuse, growing populations and incomes are expected
to drive dramatically increasing demand for raw material inputs to production. (UNEP 2011, 2014, 2016a)
While increased production activity can offer economic growth and labor market advantages, it can also
lead to increased consumption of raw materials and fuels, and increased environmental degradation from
extraction activities and transportation, increased associated emissions and waste generation. (UNEP 2011,
2016a) The pursuit of sustainable economic systems must be the long-term objective (United Nations
2018); however in the short term economic growth remains a central pillar of national objectives and
strategies
Accepting the tension between these short-term and longer-term objectives, short-term efforts must seek
out opportunities for increased material efficiency, resource efficiency and productivity, including marginal
reduction in the environmental impacts of production. (UNEP 2016b) This must occur in parallel with
efforts focused on longer-term social and system transformation in pursuit of sustainable economic systems,
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including the ultimate decoupling of production from negative environmental impacts. The International
Resource Panel (IRP), an independent scientific panel operating under the United Nations Environment
Programme (UNEP) parent organization, has published extensively on the implications, challenges, and
potential to achieve such decoupling, suggesting that decoupling strategies are necessary for meeting the
United Nations’ Sustainable Development Goals (UNEP 2016a). (UNEP 2011, 2014)
In this pursuit, industrial researchers, policymakers, and economic experts alike are beginning to explore
the concept of a Circular Economy—a framework in which outputs from every stage of the life cycle
become inputs into another, offsetting the need for new materials and energy-intensive manufacturing
activities, while reducing waste.
Current understanding of circular economy has evolved over time to incorporate a range of perspectives
and concepts that relate to the closing of material and energy flow loops. Relevant theoretical influences
originate in the concepts of performance economy (Stahel 2010), cradle-to-cradle (McDonough and
Braungart 2010), industrial ecology (Graedel and Allenby 1995), and the laws of ecology (Commoner
2014). Additional key perspectives have contributed to the focusing of understanding about circular
economy even further: Bocken et al. (2016) position the closing of resource loops via circular economy
within design and business model strategies; Yuan, Bi, and Moriguichi (2006) focus on circular or closed
flows of materials and energy, and the use of materials and energy over multiple phases in the context of
China’s implementation of the Chinese Circular Economy Promotion Law; and the Ellen MacArthur
Foundation (Ellen MacArthur Foundation 2013b, World Economic Forum and Ellen MacArthur
Foundation 2014) highlights and emphasizes the differences between biological and technical systems, and
their role within the industrial economy.
Considering the range and scope of literature on circular economy, Geissdoerfer et al. (2017) propose a
definition for the Circular Economy that is particularly relevant for this study: “A regenerative system in
which resource input and waste, emission, and energy leakage are minimized by slowing, closing, and
narrowing material and energy loops. This can be achieved through long-lasting design, maintenance,
repair, reuse, remanufacturing, refurbishing, and recycling.”
The circular economy has been positioned as an essential systemic perspective that can help to mitigate the
loss of material, function, and embodied value created by traditional consumption (Ellen MacArthur
Foundation 2013a). However, achieving these benefits requires engaging value-chain stakeholders in
behavioral and social system transformation, and designing industrial economic and production systems to
enable, accept, and support system circularity. In this pursuit, accepting the industrial economy focus of
circular economy, three central needs are emerging as key strategies for enabling increased system
circularity:
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1. Maximizing collection and capture of materials at the ‘gaps’ between lifecycle stages at which loss
could occur;
2. Retaining the highest possible value of materials, once recovered; and
3. Remodeling the linear system through infrastructure development, process innovation, and product
innovation to increase the use of high-value recovered materials as inputs into the production
system, in place of raw inputs.
The collection of materials, and the methods used to re-employ those materials, thus become essential
tactical decisions that must be considered at both policy and firm levels. A growing focus on innovation
within existing traditional linear production systems can, to this end, be leveraged as a key driver of the
transition to circular economy. Innovation in production processes, business models, product design
strategies, and policy and trade frameworks can all be focused to allow adaptation towards system
circularity, and therein the foundation for a comprehensively circular economy in the future can be laid.
This is particularly relevant in the case of technical nutrients that must be cycled through a circular
economy, where employing product life extension activities and circular recovery-production systems is
critical to the economic viability of existing linear systems (while they exist, and in transition) and future
circular economies.
To succeed at sustainable and equitable economic growth across all corners of the planet, we must figure
out how to decouple production from these negative impacts.

1.3.1 The Intersection of Sustainability and Circular Economy
Despite its many varied definitions, sustainability in the context of environmental systems and ecology
generally refers to the ability of natural systems to maintain (or regenerate) themselves at a certain rate or
level over time, given the presence of limitations and impacts of human activity (Bruntland 1987, Ehrenfeld
2005, Geissdoerfer et al. 2017). Extended, current understanding of sustainability includes the
acknowledgement of interdependent and reinforcing social, economic, and environmental systems (UN
General Assembly 2005), and the expectation of ‘…the balanced and systemic integration of intra and
intergenerational economic, social, and environmental performance.”(Geissdoerfer et al. 2017).
Discussion and concept-development around sustainability has occurred for far longer than has the
discussion on circular economy, and the objectives of sustainability are far broader, aiming to benefit the
interdependent stakeholders and systems of environment, economy, and society (Elkington 1997).
Similarities between sustainability and circular economy include an emphasis of the implications of
planetary-scale problems, a global perspective informed by awareness of the negative environmental

12

impacts of human activity, and the need for the engagement of multiple stakeholders in responding to these
challenges. (Bruntland 1987, Geissdoerfer et al. 2017)
However, important to this study are some key differences between the concepts of sustainability and
circular economy. (Please refer to Table 2) Given its emphasis on industrial systems, practical applications
of circular economy typically focus on the direct benefits accrued within the industrial economy and to
economic stakeholders, acknowledging the secondary (and/or marginal) benefits that may also accrue to
environmental and social systems and stakeholders. (Geissdoerfer et al. 2017) This approach is similar to
assumptions used by Cooper et al. (2017, 1358), in which behavior changes required by the consumer (e.g.
reduced consumption) are not central to the models or the discussion, and consumer utility (e.g. expected
demand levels) are maintained.
In addition, while sustainability acknowledges the important influence and role that all stakeholders need
to play, the nature of circular economy particularly emphasizes the roles of government (policy-makers)
and industry (business decision-makers). (Geissdoerfer et al. 2017)
As clarified in Table 2, in alignment with the current literature on circular economy, and based on the
availability of resources, the scope of this assessment in the context of circular economy thus only covers
some aspects of traditional sustainability perspective. (Refer to Figure 2)
The industrial economy context of the predominant circular economy interpretations has consequences:
first, the allocation of primary responsibility for transition to circular economy to policy-makers and
industry necessitates a focus on the financial and economic opportunities that can be enabled via circular
economy; at the very least, the financial opportunities are highlighted alongside the opportunity to reduce
negative environmental and/or social impacts. This emphasis may create tension between sustainability
objectives focused on the reduction of negative environmental impacts, and circular economy objectives
which may consider environmental impact reduction in the context of economic priorities and needs. This
tension is accounted for in this report, wherein the assessment of environmental impacts accompanies, and
are often discussed relative to, the assessment of economic opportunities. (See Sections 1.6, 3, and 2.4.5)
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Table 2: Contrasted scope, stakeholder roles, and impact emphasis of sustainability and circular economy

It must be acknowledged that any discussion of circular economy emphasizing industrial systems and
economies is at risk of excluding non-industrial economies, as well as stakeholders outside of government
and industry roles. These topics, and their integration into this research, are discussed further in Sections
1.3.2 and 1.3.3, respectively.

1.3.2 Sustainability and Circular Economy in Non-Industrialized Economies
In terms of global political economy, economies that fall under the term ‘non-industrial’ refer to those
economies that do not have highly developed manufacturing infrastructure or enterprise, and in which the
capital to pursue industrial activity may be in short supply. These economies are often referred to as the
“majority south”, due to their relative geographic location, and are contrasted with the “industrialized north”
(Allen and Thomas 2000, Cranston and Hammond 2010, Cranston and Hammond 2012, Hammond 2006).
The ‘majority south’ accounts for the majority 80% of the world’s population that resides in non-industrial
economies (Cranston and Hammond 2012, Hammond 2006).
In the context of sustainability literature, it is more common to emphasize the socioeconomic and political
conditions of non-industrialized economies; these topics are discussed as an assumed precursor to
sustainability initiatives and practices, with industrial transition strategies often focused on economic
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development, and the need for support and technology transfer from richer, more industrialized economies.
With the majority of the world’s population residing in non-industrialized economies, and the often
extensive carbon footprints of these economies, it is clear that the adoption of more sustainable practices is
critical (Cranston and Hammond 2012, Hammond 2006).
However, the applicability of circular economy and its industrial economy origins to non-industrialized
economies raises several questions: first and foremost, the circular economy emphasizes the transformation
of industrial systems; how then to construct circular industrial economies where industrial systems may not
currently exist? In addition, the absence of industrial systems does not imply the absence of economic
systems – instead, non-industrial economies may tend towards a greater agricultural base, with limited
structure in manufacturing and non-farming sectors. (Allen and Thomas 2000, Johnston and Kilby 1975)
At the very least, strategies for pursuing and implementing circular economy require emphasis, resource
allocation, and priorities that are appropriate for the conditions of different economies; in other words, the
mechanisms by which an industrialized economy pursues circular economy may necessarily differ from the
mechanisms by which a non-industrialized economy pursues circular economy.
The case study products and sample economies assessed in greater detail in Sections 3, 1.7, and 5.2 are
most closely focused on commercial/industrial products and activities in industrialized economies. The
limitations associated with the incorporation of non-industrialized economies into the case studies of this
report are discussed in greater detail in Section 2.5, and relate primarily to issues of data availability and
limitations of the models. However, additional discussion of the potential insights, learnings and
opportunity for non-industrial economies to engage in circular economy practices can be found in
throughout the discussion in Section 5.
The assessment and study of circular economy initiatives and opportunities is relatively recent; while there
is great urgency for stakeholders of all nations to act quickly to mitigate environmental damage, discussion
of appropriate scope, framework, approach, metrics and indicators, and relevance of circular economy are
on-going. It is also clear that different approaches to circular economy may be needed depending on the
unique conditions faced by specific sectors and economies, some of which are discussed in Section 1.7.
While the emphasis of this assessment is necessarily upon commercial/industrial products,
commercial/industrial processes, and industrialized economies, this report provides insights into the
product-, process-, and economy-level implications of pursuing different circular economy strategies under
a variety of socioeconomic development conditions.
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1.3.3

Interests and Innovation: Stakeholders within a Circular Economy

The broad goal of sustainability requires extensive transformation, not just of the production systems that
are the emphasis of this report; they also require transformation of consumption patterns, disposal
behaviors, and society sub-systems including politics, social structures, and physical infrastructure. From
this perspective, it is understandable that the transformation for sustainability requires the engagement of
every stakeholder on the planet.
The term social innovation has been used to describe the innovative activities, behaviors, programs and
organizations that arise to help society address some unmet need. (Mulgan et al. 2007) In the context of
sustainability, these innovations can include new ways of viewing and managing ecosystems and ecosystem
services, new systems and institutions to help facilitate improved environmental performance of producers
and consumers alike, and even stakeholder engagement and education. (Center for Social Innovation 2018)
A key example of such innovation is the evolution of the ‘collaborative’ or ‘sharing’ economy, in which
users share resources with reduced interventions from industry, in the interests of increasing the
productivity of resources and products (as measured by usage rate). (Milios 2016, Richter, Kraus, and Syrjä
2015) The emphasis of this social innovation is on utility achieved through renting or borrowing goods,
rather than owning them, and places less emphasis on the traditional customer-business relationship. (Milios
2016)
While the sharing economy may offer innovation that can lead to sustainability objectives of enhanced
resource efficiency, the transition away from traditional markets may evoke concerns from traditionallyorganized industry stakeholders and producers. Alongside social innovations, business model innovations
are also being developed by industry stakeholders. These business model innovations offer a new way of
integrating sustainability interests into the production-consumption system, without diminishing the role of
industry. (Milios 2016) The product-service system (PSS), discussed in greater detail in Section 5.2.1,
presents a business model innovation that incorporates more integrated products and services that consider
both customer needs and product life-cycle considerations (Mont 2002, Tan 2010) Although PSS can vary
in type, some common approaches include product sales that include additional maintenance services and
take-back agreements, user-oriented approaches that focus on leasing, rental, sharing, or pooling, and
results-oriented services that focus on the provision of a service rather than on the product (Milios 2016,
Tukker 2015a).
Differentiated from sustainability, stakeholders to circular economy are theoretically broad, but practically
constrained to three primary groups most directly engaged in either the production or consumption aspects
of the industrial economy: government, industry (including designers), and customers/users. As highlighted
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by Zink and Geyer (2017), the additional influences and dynamics of various markets within a circular
economy create complexity and unpredictability related to preferences, behaviors, and decisions. However,
as discussed in Section 1.7.2, the unique nature and perspectives of key stakeholders to the industrial
systems of circular economy are essential considerations of any strategy to pursue circular economy. Thus,
although the spectrum of stakeholders is appropriately limited for circular economy, the responsibility for
the necessary social and systems innovation needed to facilitate a transition to circular economy is highly
relevant. While the limitations of the case studies in this report are outlined in Section 2.5, significant
discussion related to stakeholder interests, perspectives, resulting barriers, and potential roles and
responsibilities going-forward, are incorporated into Sections 1.7, 2.4.5.2, and 5. Especially pertinent to
this report, the evolution of business model innovation alongside social innovation is discussed in greater
detail in Section 5.2.

1.4 Market Transformation for Circular Economy
As noted by York and Paulos (1999, 14), “Market transformation seeks to change markets… [and this]
requires transformation of the behaviors and preferences of people and organizations”. Blumstein,
Goldstone, and Lutzenhiser (2000) emphasize the importance of considering the entire market, including
its vendors, manufacturers, distributors, trade groups, and regulators, when discussing market
transformation. While much of the literature on market transformation assumes the context of public
programming as adopted by policy-makers in the pursuit of an established policy goal (Kushler, Schlegel,
and Prahl 1996, Kunkle and Lutzenhiser 1998, Nelson, Tiedemann, and Henriques 1998, Peach et al. 1996,
Suozzo and Nadel 1996), this assumption can be limiting and erroneous: market transformation can be, in
and of itself, a strategic objective established in any area where there is some sort of failure occurring in
the economic system.
Given the complexity of the circular economy system with multiple agents, delayed feedback loops,
imperfect and/or asymmetrical information, and irrational and non-linear behaviors, a holistic, system-wide
perspective is necessary. Market transformation offers a strategic framework approach to complex system
challenges with demonstrated success across a range of energy-efficiency programs in Canada and the
United States, including Power Smart (Nelson, Tiedemann, and Henriques 1998), Consortium for Energy
Efficiency (CEE), Northeast Energy Efficiency Alliance (NEEA), and Northwest Energy Efficiency
Partnerships, Inc. (NEEP) (York and Paulos 1999). The use of a market transformation strategic framework
to tackle the challenges associated with VRPs and circular economy is a logical extension. This work adopts
the definition developed by Keating et al. (1998, 13), in which market transformation describes a strategic
approach to intervening in the market with the objective of increasing the share of VRP products: in the
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context of policy-makers, this intervention may be associated with targeted programming to accomplish
this goal; in the context of industry, this intervention may be a coordinated marketing strategy to tackle
increased customer/consumer awareness and education.
York and Paulos (2009) go further to clarify that, while the primary objective of market transformation is
to lower or eliminate market barriers, it would be problematic to assume that the removal of these barriers
would alone be sufficient to increase demand for the targeted product or service. The analysis and
discussion related to the IRP Report Model, as presented in Sections 2 and 3, are primarily focused on the
presence of regulatory, access, technological and market-based barriers to VRPs in different economies,
and opportunities for barrier alleviation in pursuit of market transformation for circular economy. However,
consumer behavior literature suggests that, to be effective, customers (in any economy) must also value the
change being sought: In this case, they must value the targeted product and service attributes offered by
VRPs for it to result in increased demand and longer-term market transformation (Blumstein, Goldstone,
and Lutzenhiser 2000, Thaler and Sunstein 1999, York and Paulos 1999). In the case of VRPs, the valued
attribute may be the discounted price, or the inherent environmental benefit – depending on the consumer’s
own personal values system, and their level of awareness and knowledge of VRP products. Given this
extended perspective on the behavioral aspect of market transformation, additional modeling and analysis
of a more comprehensive and reflective extended adoption (diffusion) model for VRPs is proposed and
discussed in Section 4. Ultimately, research efforts that target a combination of barrier identification and
elimination strategies (per York and Paulos (1999)) as well as the often illogical/irrational behaviors and
decision-making of market stakeholders (per Thaler and Sunstein (1999), Blumstein, Goldstone, and
Lutzenhiser (2000), and York and Paulos ((1999)) are needed if the transformation of linear-to-circular
economies is to be accomplished.

1.5 Introduction to Value-Retention Processes Within a Circular Economy
Within the circular economy framework, the cycling of technical nutrients falls across several essential
systems: Recycling systems, refurbishment & remanufacturing systems, arranging direct reuse systems,
and repair/maintenance systems. With the exclusion of recycling, in which all recovered items are reduced
to material-level, VRPs serve to maintain all, or part of the integrity of the original product or component
by keeping the original structural form of the product or component. The VRPs specifically studied in this
report are: remanufacturing, refurbishment (including comprehensive refurbishment), repair, and arranging
direct reuse.
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The preservation of product and/or component integrity serves to further increase the marginal benefits of
VRPs: By maintaining the original product or component structural form, fewer resources are required for
production (e.g. electricity), and fewer wastes are generated (e.g. emissions).

1.5.1 Value-Retention Processes as a Gateway to Material Recycling
Recycling refers to the reprocessing of waste into products, materials or substances; specifically, the
reference to recycling throughout this report refers to the reprocessing at the material-level. (Annex IV B
to the Basel Convention)
While material recycling (henceforth referred to simply as ‘recycling’) is not a focus of this study, it remains
an integral and important aspect of any circular economy. There is a common misperception that VRPs
may detract from, or compete against recycling; in fact, all VRPs and recycling are essential within the
context of a circular economy2. From this perspective, and like accepted waste management hierarchies3,
where VRPs ensure that material value and functionality are retained within the product, once functionality
has degraded it is the recycling system that ensures that material value is retained within the broader system.
As described in Figure 3, resources enter into a cascading production loop in which they are used as inputs
to materials and/or parts that are then incorporated, via manufacturing, into a product; After the productstage (e.g. end-of-use or EOU) there is an opportunity for disassembly and reutilization of parts,
components, and/or modules in cases where sufficient infrastructure and systems exist. In these cases, the
opportunity to further direct parts/components/modules into a cascading loop and be integrated into new
production and product-use phases is created via VRPs. However, when it is no longer possible to retain
these items within the production system, for functional and/or economic reasons, they can flow out of the
cascading loop into recycling processes that ensure the recapture and retention of associated material value
within the system. Implicit in the cascading system is that a product can reach EOU several times
successively before reaching EOL. This is discussed in greater detail in Section 1.6.1.
A complementary perspective is that all products will eventually reach a point at which they no longer
qualify for arranging direct reuse, repair, refurbishment or remanufacturing – either because of the
2

For the purpose of this study, we have defined value-retention processes as those activities, typically productiontype activities that enable the completion of, and/or potentially extend a product's service life beyond traditional
expected service life. We thus distinguish between value-retention processes and recycling, while in reality recycling
is part of a circular economy. See also the glossary of key terms.
3
According to the European Commission’s Waste Framework Directive (Directive 2008/98/EC, Article 4), the waste
hierarchy is applied as a priority order in waste prevention and management legislation and policy: (a) Prevention; (b)
Preparing for re-use; (c) Recycling; (d) Other recovery, e.g. energy recovery; and (e) Disposal. The United States’
Environmental Protection Agency employs the Waste Management Hierarchy as a ranking approach for sustainable
materials management strategies in decreasing order from most environmentally preferred: Source reduction and
reuse; Recycling/composting; Energy recovery; and Treatment and disposal.
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associated cost, or because their implicit quality and utility potential has been degraded. At that point, there
is still an essential need for efficient and effective recycling systems to recover the value of the materials
contained within the product, and to recirculate those materials back into circular materials economy.

Figure 3: Recycling within a cascading material value-retention system

Recycling, alongside all the VRPs assessed within this report, is focused on the maximization of value
retention under complex and varied product and infrastructure conditions. While recycling was not a focus
of this study, this analysis has assumed the imperative presence of recycling systems as an important
complementary function within the circular economy for recovering material value when a product has
degraded below the requirements of VRPs.
One of the main challenges facing VRPs around the world, as corroborated via international market access
negotiations (World Trade Organization 2009) and the US International Trade Commission (USITC)
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(2012), is the wide range of definitions and interpretations of reuse and life extension processes. Much of
the regulation of these governing definitions and interpretations originated out of concern for the protection
of human health and the environment.
Gharfalkar, Ali, and Hillier (2016) show in their systematic analysis of peer reviewed literature the
inconsistencies and lack of clarity that exist between the definitions or descriptions of repair,
reconditioning, refurbishment and remanufacture. There are often multiple issues at stake, including
common terminology differentiations made within and across sectors, as well as regulations focused on
protecting consumer interests in certain countries. For example, while the VRP activity called
‘reconditioning’ by those in the electronics industry (as preferred by the Professional Electrical Apparatus
Recyclers League), ‘rebuilding’ by the Federal Trade Commission, and ‘remanufacturing’ under a
definition as accepted by the WTO, the intent for each of these terms is the same: “…the process of
returning the electrical product to safe, reliable condition…” (Hardin and Stone 2012). Alternately, the
medical sector typically uses the term ‘refurbishment’ for the same VRP that the aerospace sector would
use the term ‘overhaul’ to describe; In fact, both definitions are clearly describing what would be considered
‘remanufacturing’ in other sectors.
The concept of waste, as defined in the Waste Framework Directive (Directive 2008/98/EC), offers an
important starting point for this discussion. As “…any substance or object which the holder discards or
intends or is required to discard”, the term ‘waste’ may apply to both recovery and disposal activities, it
may have neutral, positive or negative commercial value, and the act of discard can be intentional,
unintentional, or can occur with or without knowledge of the holder (European Commission 2012). From
this perspective, products undergoing one of several of the VRPs assessed in this study may, under certain
conditions and in EU member states, meet the definition of ‘waste’ and fall under the regulatory purview
of the Waste Framework Directive.
Also relevant to the definitions, practice, and oversight of VRPs is the concept of ‘End-of-Waste’ (EOW),
which refers to the conditions under which certain specified waste shall cease to be waste under the Waste
Framework Directive. These inclusive conditions require that the substance or object has undergone a
recovery; that the substance or object is commonly used for specific purposes; that a market or demand
exists for such a substance or object; that the substance or object fulfills the technical requirements for the
specific purposes and meets the existing legislation and standard applicable to products; and that the use of
the substance or object will not lead to overall adverse environmental or human health impacts (European
Commission 2012). From this perspective, products undergoing one of several of the VRPs assessed in this
study may, in EU member states, have EOW status under the Waste Framework Directive. Incompatibility
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of the definitions of what constitutes waste between economies engaged in VRPs and/or trade can create
significant complications for industry members and policy-makers alike.
Given the potential confusion, for the purposes of this study it is essential to identify and retain consistent
definitions to differentiate between each of the VRPs under examination. This study adopts VRP definitions
and terminologies, consistent with internationally recognized sources (where they exist) that include, but
are not limited to, the Basel Convention Glossary of Terms (Document UNEP/CHW.13/4/Add.2)4 and the
Waste Framework Directive5. These processes are distinguished, relative to one another in Figure 4 and
discussed in the following sections.

Figure 4: Definitions and structure of value-retention processes within this report

The following definitions for VRP’s are derived largely from terminology contained in a glossary of terms
that has been adopted at the Thirteenth meeting of the Conference of the Parties to the Basel Convention
(COP 13) in May 2017 (Document UNEP/CHW.13/4/Add.2).
These definitions are included to demonstrate the complexity associated with clearly defining, and
garnering agreement, on the appropriate definitions for different circular and life extension processes. While
the Basel Convention is an international agreement, Parties choose to implement the terms of the agreement
in their own way. Given the governance of the Basel Convention over a range of trade activities, where a
circular or life extension process is defined for the Basel Convention as shown in Figure 5, it is accepted
for the purposes of this report. It is noted that the “Technical guidelines on transboundary movements of
electrical and electronic wastes and used electrical and electronic equipment, in particular regarding the
distinction between waste and non-waste under the Basel Convention”, as adopted by the Conference of
4

(Conference of the Parties to the Basel Convention on the Control of Transboundary Movements of Hazardous
Wastes and Their Disposal 2017)
5
(European Commission 2008)

22

the Parties to the Basel Convention at its twelfth meeting in May 2015 (Document UNEP/CHW.13/INF/7)6,
encompasses a terminology specific to electrical and electronic equipment.
It should be noted that terminology and definitions for VRPs remain one of the most significant issues and
challenges to increased scale and uptake of VRPs in economies around the world. There are numerous
initiatives to help reduce the barriers created by legal definitions of VRPs, often initiated by industry to
help educate and inform the markets they serve. Where appropriate and insightful, terminology and
definitions from these non-official sources have also been included to demonstrate the range and
significance of the definition challenge. This is discussed further in Section 1.7.

Figure 5: Definitions relevant to VRP activities as adopted under the Basel Convention

1.5.2 Arranging Direct Reuse
As indicated for the purposes of this study the definition of “Arranging direct reuse”, as set out in Document
UNEP/CHW.13/4/Add.2 is utilized:
Arranging Direct Reuse: The collection, inspection and testing, cleaning, and
redistribution of a product back into the market under controlled conditions (e.g. a
formal business undertaking).

6

(Conference of the Parties to the Basel Convention on the Control of Transboundary Movements of Hazardous
Wastes and Their Disposal 2014)

23

Arranging direct reuse does not include reuse that occurs mostly through the undocumented transfer of a
product from one customer to another. Under arranging direct reuse, no disassembly, removal of parts, or
addition of parts occurs. The significance of this VRP is that only those products that are in sufficient
working condition, not requiring any component replacement or repair, and to which quick and easy
aesthetic touch-ups can be performed, qualify as arranging direct reuse products. These products are not
guaranteed to meet original specifications and are typically offered to the market at a significant price
discount, with no, or at least a much-modified product warranty. Please refer to Figure 6 for a high-level
description of key arranging direct reuse process stages.

Figure 6: Descriptive summary of arranging direct reuse process

Arranging direct reuse is often enabled when a product reaches its EOU prematurely: the owner may require
an upgraded product, may no longer need the product, or may have a change in preferences. Alternately,
the usage/service requirement rate may have been less than expected during the products service life, and
as such it is able to surpass that expected life beyond scheduled EOL. In any case, although the product has
reached EOU, it has not yet fulfilled its service life. Arranging direct reuse enables the product to continue
to maintain productivity through use, instead of prematurely being discarded into a waste or recycling
system.
1.5.2.1

Arranging Direct Reuse in Case Study Sectors

In the case of the three sectors studied in this report, it is assumed that there is no direct reuse of HDOR
parts given the nature of these products. Arranged direct reuse is undertaken for case study vehicle parts
products and industrial digital printers.

1.5.3 Repair
Repair refers to the correction of specified faults in a product. The term encompasses the completion of the
expected product technical life (King et al. 2006). As indicated, for the purposes of this study the definition
of “Repair”, as set out in Document UNEP/CHW.13/4/Add.2 is utilized:
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Repair: Fixing a specified fault in an object that is a waste or a product and/or replacing
defective components, in order to make the waste or product a fully functional product to
be used for its originally intended purpose.
It is important to note that, under the Basel Convention, repair is an activity that can be performed on both
wastes and non-wastes, and therefore the need for repair is not sufficient for distinguishing between waste
and non-waste.
For the purposes of this report, “Repair” activities also include those required for known product issues,
which ultimately enables the product to complete its original expected life; and the maintenance of a product
where, if left unmaintained, is known to constrain the product’s service life and utility to less than what is
otherwise expected when recommended servicing is performed. Please refer to Figure 7 for a high-level
process description of key repair process stages.

Figure 7: Descriptive summary of repair process

In common use of the term, there may be some confusion related to what constitutes ‘repair’, as there is
generally no clear distinction between a ‘repair’ activity, and a ‘scheduled maintenance’ activity, depending
on the product, sector and/or industry. For the purposes of this assessment, any repair activity which
involves the object or product being returned to the original user is considered to be a “Repair” VRP.
Unlike the other VRPs studied within this assessment, repair activities within the larger system occur
elsewhere (Cooper et al. 2017) and they are considered as a separate flow: Many repair activities do not
require established infrastructure (collection, diversion, inspection), production facilities (industrial
disassembly and reassembly processes), or distribution infrastructure (transportation, distribution, sales).
This characteristic differentiates repair activities from other VRP activities under a systems-perspective. In
the case of non-industrialized economies, repair represents the vast majority of currently-used formal and
informal value-retention activities due to technological, and industrial infrastructure limitations.
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Repair activities are performed at the product-level, where a functioning product must have some worn or
damaged parts removed and new parts added, in order for it to continue functioning for the duration of its
expected life. Rather than the entire product being discarded into a waste or recycling stream due to a worn
or damaged part, repair activities enable the continuance of the product’s expected life. It is generally
accepted that there is no warranty provided for repaired products, except for components that have been
replaced in the process (Resource Conservative Manufacturing Consortium 2017).
1.5.3.1

Repair in Case Study Sectors

In the case of the three sectors studied in this report, it is assumed that repair activities are undertaken for
all case study products.

1.5.4 Refurbishment
As indicated, for the purposes of this study the definition of “Refurbishment”, as set out in Document
UNEP/CHW.13/4/Add.2 is utilized:
Refurbishment: Modification of an object that is waste or a product to increase or restore
its performance and/or functionality or to meet applicable technical standards or
regulatory requirements, with the result of making a fully functional product to be used for
a purpose that is at least the one that was originally intended.
It is important to note that, under the Basel Convention, refurbishment is an activity that can be performed
on both wastes and non-wastes, and therefore the need for refurbishment is not sufficient for distinguishing
between waste and non-waste. In addition, Resource Conservative Manufacturing Consortium (ResCoM)
shared terminology supports that refurbishment can enable a new partial service life cycle for a product,
but not a new full service life cycle, as discussed in more detail in Section 1.6 (Resource Conservative
Manufacturing Consortium 2017).
For the purposes of this report, “Refurbishment” activities reflect those as contained in the definition cited
above, and include activity terminologies specific to key industry sectors, such as ‘minor overhauls’ (heavyduty engines and equipment), and ‘upgrades’ (electrical and electronic equipment). Relative to other VRPs,
refurbishment requires sufficient modification of an EOU product such that its usable operating life could
be extended beyond the original design expectation: This requires material replacement and renewal activity
that far exceeds ‘repair’ activity, but which is less structured, industrialized, and quality-focused than
‘remanufacturing’ activity. A warranty may be provided for major wearing parts of the refurbished product,
but it generally covers less than the warranty for a newly manufactured or remanufactured version
(Resource Conservative Manufacturing Consortium 2017). The refurbishment process is performed within
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repair and/or maintenance facilities to increase or restore performance and/or functionality or to meet
applicable technical standards or regulatory requirements. Please refer to Figure 8 for a high-level process
description of key refurbishment process activities.

Figure 8: Descriptive summary of refurbishment process

1.5.4.1

Refurbishment in Case Study Sectors

In the case of the three sectors studied in this report, refurbishment practices are only typically utilized for
vehicle parts as outlined below:
•

Vehicle Parts: Refurbishment activities for vehicle parts occur at the component (vs. vehicle
product) level, and primarily occur under repair or maintenance settings, outside of industrial
factory processes. As such, for the purposes of this study it is assumed that vehicle parts undergo
more generic standard refurbishment activities that restore functionality, and which are therefore
categorized within Group 2 as a partial service life process (Please refer to Section 1.6.3).

It must be noted that despite the general refurbishment practices described above, general refurbishment
(as described in Section 1.5.4) is generally not undertaken for the case study products, and this is reflected
in the results presented in Section 3.1.2.

1.5.5 Comprehensive Refurbishment
Importantly, a key insight from this assessment is that there are differing degrees of refurbishment activity
that yield differing levels of material value retention and product utility. For the purposes of this report,
“Comprehensive Refurbishment” activities are further differentiated from other “Refurbishment” activities
as follows:

27

Comprehensive Refurbishment: Refurbishment that takes place within industrial or
factory settings, with a high standard and level of refurbishment.
Comprehensive refurbishment differs from standard refurbishment in that it involves a more rigorous
process within a factory setting, and is only undertaken by certain sectors including, but not limited to
industrial digital printers, medical equipment, and HDOR equipment parts. The addition of value during
comprehensive refurbishment can enable an almost full new service life for the product.
Figure 9 describes the complete comprehensive refurbishment process that would take place within
industrial or factory settings; accordingly, standard refurbishment activities utilize only some of these steps,
at a lesser intensity, and take place within repair or maintenance facilities.

Figure 9: Descriptive summary of comprehensive refurbishment process

1.5.5.1

Comprehensive Refurbishment in Case Study Sectors

In the case of the three sectors studied in this report, the following comprehensive refurbishment practices
are typically utilized for industrial digital printers and HDOR equipment parts as outlined below
•

Industrial Digital Printers: Industrial digital printers have high value even at EOU, and at EOU
they are typically managed as an entire product (vs. multiple components). This enables more
enhanced and sophisticated VRPs to take place: Producers are better able to recover the entire
industrial digital printer unit, and to undertake comprehensive refurbishment in an industrialized
factory setting. As such, for the purposes of this study it is assumed that industrial digital printers
undergo comprehensive refurbishment processes that restore value, utility and functionality to the
product, and which are therefore categorized within Group 1 as an almost full service life process
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(Please refer to Section 1.6.2). The comprehensive refurbishment processes that are undertaken for
industrial digital printers are similar in complexity and rigor to those undertaken for
remanufacturing.
•

HDOR Equipment Parts: Like industrial digital printers, HDOR equipment parts have high value
even at EOU, and are often designed to require scheduled overhauls to bring functionality and
performance back to the promised standard. The HDOR equipment industry has a well-established
infrastructure, including design for VRPs and scheduled overhauls, that enables comprehensive
refurbishment processes to be undertaken with efficiency. As such, for the purposes of this study
it is assumed that HDOR equipment parts undergo comprehensive refurbishment processes that
restore value, utility and functionality to the product, and which are therefore categorized within
Group 1 as an almost full service life process (Please refer to Section 1.6.1). The comprehensive
refurbishment processes undertaken for HDOR equipment parts are similar in complexity and rigor
to those undertaken for remanufacturing.

It must be noted that despite the comprehensive refurbishment practices described above, comprehensive
refurbishment is generally not undertaken for two of the case study HDOR equipment part products (HDOR
alternator; HDOR turbocharger). This is reflected in the results presented in Section 3.1.3.

1.5.6 Remanufacturing
The Basel Convention does not specifically address remanufacturing, and as such there is a wide range of
definitions and descriptions utilized worldwide. The WTO (2009) has determined remanufactured goods to
be: “…non-agricultural goods that are entirely or partially comprised of parts that (i) have been obtained
from the disassembly of used goods; and (ii) have been processed, cleaned, inspected, and tested to the
extent necessary to ensure they have been restored to original working condition or better; and for which
the remanufacturer has issued a warranty”. Nasr and Thurston (2006) and the ResCoM project (2017)
further refine the definition of remanufacturing: where remanufacturing is a specific industrial process of
disassembling, cleaning, inspecting, repairing, replacing, and reassembling the components of a part or
product in order to return it to “as-new” condition. Upgrades to electronic systems and/or software can also
be performed during the remanufacturing process, if appropriate. Please refer to Figure 10 a high-level
process description of key remanufacturing process activities.
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Figure 10: Descriptive summary of remanufacturing process

Similarly, the USITC (2012) defines remanufacturing as: “An industrial process that takes place in an
industrial setting that restores the end-of-life goods to original working condition or better. Firms that
provide remanufacturing services to restore end-of-life goods to original working condition are considered
producers of remanufactured goods”.
In September 2016, six global automotive remanufacturing associations7 came to an international
agreement on an (automotive sector-specific) remanufacturing definition to enable support and increased
awareness of remanufacturing (Motor & Equipment Remanufacturing Association 2016).
“Remanufacturing is a standardized industrial process8 by which cores are returned to
same-as-new, or better, condition and performance. The process is in line with specific
technical specifications, including engineering, quality, and testing standards. The process
yields fully warranted products. A core is a previously sold, worn or non-functional
product or part, intended for the remanufacturing process. During reverse logistics, a core
is protected, handled and identified for remanufacturing to avoid damage and to preserve
its value. A core is not waste or scrap and is not intended to be reused before
remanufacturing.”

7

European Association of Automotive Suppliers (CLEPA), and European Organization for the Engine Remanufacture
(FIRM), Motor & Equipment Remanufacturers Association (MERA), and Automotive Parts Remanufacturers
Association (APRA), Automotive Parts Remanufacturers National Association (ANRAP), Remanufacture Committee
of China Association of Automobile Manufactures (VRPRA).
8
An industrial process is an established process, which is fully documented, and capable to fulfill the requirements
established by the remanufacturer.
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An early and essential priority of this assessment was to effectively bridge these varied definitions and
interpretations, and to ensure that this assessment reflected the realistic industry practice. As such, for the
purposes of this report, to create alignment, and to ensure a process description appropriately reflective of
reality, the following definition of “Remanufacturing” is used for the purposes of this report.
Remanufacturing: A standardized industrial process8 that takes place within industrial
or factory settings, in which cores are restored to original as-new condition and
performance or better. The remanufacturing process is in line with specific technical
specifications, including engineering, quality, and testing standards, and typically yields
fully warranted products. Firms that provide remanufacturing services to restore used
goods to original working condition are considered producers of remanufactured goods.
This includes the minimum expectation of an industrial process in an industrial setting, consisting of
specific activities including disassembly and cleaning, the requirement for testing and documentation, and
the assurance of ‘as-new or better-than-new’ performance and quality of the remanufactured product. Given
the nature of remanufacturing, there may be potential for remanufactured parts or components to be
integrated into a different, but related, product such as a more current model. This requires more
comprehensive design considerations, which are discussion in greater detail in Section 5.2.
1.5.6.1

Remanufacturing in Case Study Sectors

The exact process and activity undertaken by remanufacturers necessarily differs by product type: In most
cases, remanufacturing includes the complete disassembly of all component parts for inspection and
cleaning, however in the case of some products (e.g. industrial digital printers), disassembly only down to
the module-level may be appropriate. This is especially true when the module itself has been designed for
remanufacturing, in which case, by design, the module may have a longer expected technical life than the
product into which it is incorporated. Similarly, different sectors may utilize different reassembly
procedures: In the case of medical devices, every disassembled part has an identifying serial number, and
must be reassembled into the same remanufactured product; this differs from other sectors where
disassembled parts may go directly into a general inventory and utilized as needed in the remanufacturing
of completely different product units. Design strategies for VRPs are covered in significantly greater detail
in Section 5.2.
In the case of the three sectors studied in this report, the following unique remanufacturing processes are
utilized:
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1. Vehicle Parts: The vehicle engine, alternator and starter are treated as products themselves. Full
disassembly and cleaning activities are performed on each component, which then typically go into
a general inventory to be used in the reassembly of a different remanufactured vehicle parts product.
2. Industrial Digital Printers: The production printer and printing presses are treated as products
themselves but consist of many internal modules, parts, and components as well. Remanufacturing
includes disassembly to the primary modular-level (e.g. frame, electronics, cartridges), and full
cleaning. Disassembled parts and components may go into a general inventory; however, all parts
and components have identifiable serial numbers that are tracked and recorded as they are utilized
in the remanufacturing of a different industrial digital printer product.
3. HDOR Equipment Parts: The HDOR engine, alternator and turbocharger are treated as products
themselves; Full disassembly and cleaning activities are performed, however, given that many
HDOR parts have high value and durability, they are often designed for remanufacturing. Thus, it
is typical that the HDOR parts core remains together during the remanufacturing process, with only
a few newly manufactured parts being integrated during reassembly.
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1.6 Value Creation through Circular Production Models
Product markets around the world have begun to shift in recent years, moving away from a focus on sales
volume, and focusing increasingly on value creation and value retention, often through the extension of
useful product life (Saelens 2016, Weiland 2014). There are several market forces behind this transition
including, but not limited to, the increasing importance of revenue-driving customer relationships and
retention, increasingly volatile input material prices, design capability and innovations in modularization,
and increasingly efficient collection infrastructure opportunities (Saelens 2016, Weiland 2014) From the
industry perspective, value creation in this context includes three aspects (Saelens 2016):
1. Using VRPs to enable greater value realization through repairs, refurbishment or remanufacturing
(including upgrades);
2. Reforming product design approaches e towards extended value creation; and
3. Shifting customer engagement away from passive transactions to proactive relationships.
While this study focuses on the actual relative impacts of different VRPs (per item #1), this lens also
highlights the important role of industry in ensuring broad consideration of product design (e.g. design for
disassembly) as an enabler of VRPs (item #2), as well as the important role of the educated and empowered
customer relationship (item #3). For efficiency, definitions for VRPs and other relevant
processes/mechanisms are recalled in the following sections.

1.6.1 End-of-Use and End-of-Life in the Context of Value-Retention Processes
In the context of VRPs, end-of-use (EOU) must be differentiated from end-of-life (EOL), as these critical
terms clarify where opportunity for VRPs exist. In the design of new products, specifications for ‘expected
life’ of the product are established. The expected life determines the designed durability and duration of the
product: how many cycles, runs, miles, hours, etc. it should perform before maintenance interventions are
required to ensure performance (e.g. repair, refurbishment), and how many of these can be performed before
the product will degrade beyond use or reach EOL. Product EOL signifies that there are no other options
for the product, but to be recycled or disposed of into the environment. However, if any other option exists
to keep the product, and/or its components, within the market – via VRPs – then the product has only
reached EOU. As a reminder, EOU may occur without any product issue at all: The owner may simply no
longer want or need the fully-functioning product, even though it has not yet fulfilled its entire expected
service life, creating an opportunity for arranging direct reuse or another VRP. The opportunity for VRPs
lies in determining and understanding how a seeming product EOL may actually only be product EOU. In

33

other words, once a product or components has reached EOU, it may be directed into EOL options of
recycling or disposal – it may also, where infrastructure exists along with consumer and industry will, be
directed into a secondary market for repair, arranging direct reuse, refurbishment or comprehensive
refurbishment, or remanufacturing instead.
For the purposes of this study, VRPs were organized into two categories (See Figure 11): Equivalent full
service life processes refer to processes that enable the fulfillment of a complete new life for every usage
cycle of the product, and includes manufacturing (OEM new), comprehensive refurbishment, and
remanufacturing. These processes take place within factory settings and industrial operations. In contrast,
partial service life processes refer to processes that enable the completion of, and/or slight extension of, the
expected product life, through arranging direct reuse of the product, repair, and refurbishment. These
processes take place within maintenance or intermediate maintenance operations. These categories and
VRPs are more clearly described in the following sections and are illustrated in Figure 11.
Please note that the length of the lines in Figure 11 are only intended to reflect relative service life duration
enabled by different VRPs, and do not suggest quantified actual service life duration. The dotted lines
reflect potential service life extension enabled by each VRP, as compared to the service life guarantees
indicated by the solid lines.
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Figure 11: Summary of value-retention processes differentiation within the context of EOU and EOL

1.6.2 Equivalent Full Service Life Processes

Manufacturing (OEM New): Manufacturing is the value-added to production of merchandise for use or
sale, from using labor and machines, tools, chemical and biological processing, or formulation.
Manufacturing processes are the steps through which raw materials are transformed into a final product.
The manufacturing process begins with the product design, and materials specification from which the
product is made. These materials are then modified through manufacturing processes to become the
required part. Newly manufactured products are designed to have an expected useful lifetime, at the end of
which they will reach and expected ‘end-of-life’ (EOL).

Remanufacturing: Remanufacturing is a standardized industrial process, occurring within industrial
factory settings, by which cores are returned to same-as-new, or better, condition and performance; and
therefore, enabled to complete multiple new usage cycles in the market. Depending on the specific product,
remanufacturing can be performed multiple times before final EOL is reached, with value and utility being
restored each time, enabling the additional full service life.

Comprehensive Refurbishment: Comprehensive refurbishment takes place within industrial or factory
settings, by which cores are returned fully-functioning, restored performance condition. As such, while
comprehensive refurbishment restores original performance, value retention and utility are less than would
be achieved through remanufacturing, and an almost, but not full new service life of the product is enabled.
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1.6.3 Partial Service Life Processes

Arranging direct reuse: Arranging direct reuse within this study refers to the collection, inspection and
testing, superficial cleaning, and redistribution of a product back into the market under controlled
conditions. The significance of this VRP is that only those products that are in sufficient working condition,
not as far into their service life, not requiring any component replacement or repair, and to which quick and
easy aesthetic touch-ups can be performed, qualify as arranging direct reuse products. These products are
not tested for, or returned to original specifications, and are typically offered to the market at a significant
price discount, with no, or at least a much-modified product warranty.

Repair: Repair activities are performed at the product-level, where a functioning product must have some
worn or damaged parts removed to be restored or replaced, for it to continue functioning for the duration
of its expected life. Rather than the entire product being discarded into a waste or recycling stream due to
a worn or damaged part, repair activities bring the entire product back to its original functioning capacity
for the continuation of the product’s expected life.
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Refurbishment: Relative to other VRPs, refurbishment requires sufficient modification of an EOU product
such that its usable service life is extended beyond the original design expectation: This requires material
replacement and renewal activity that far exceeds ‘repair’ activity, but which is significantly less structured,
industrialized, and quality-focused than remanufacturing.

Although is it common to consider and discuss VRPs as ‘equivalent’ under a broad terminology of ‘reuse’,
to do so would be problematic and misrepresentative. This is because each VRP is distinct in how exactly
it affects the product lifecycle, retains material value, and generates utility for the user.
This perspective also presents the implication that full service life and partial service life VRPs may be
pursued for different reasons beyond their value-retention potential. For example, where product design
necessitates partial life VRP interventions during the product’s first service life, partial service life VRPs
may be utilized to discourage and/or prevent premature EOL.

1.6.4 Full Service Life vs. Partial Service Life Value Retention
As identified above, remanufacturing is the only VRP that offers a full new life to the product. Thus, the
material and energy intensity of remanufacturing activities—and their associated economic and
environmental impacts—must be considered in a context that reflects the value of at least another full new
life for the product that is created as a result.
In contrast, repair and standard (non-comprehensive) refurbishment processes are different: repair activities
do not truly “extend” the product life, because repair is typically only applied when a product fails or
reaches EOU before it has completed its expected EOL; standard (non-comprehensive) refurbishment
activities may enable an extension of the product life to some degree, but not by a full new product life. In
other words, repair and standard refurbishment allow a product to fulfill, and potentially slightly extend, the
original, single, expected life cycle at the expense of requiring additional material and energy inputs beyond
original manufacturing process. As such, while the respective environmental impacts of these processes
appear to offer significant benefits when compared to OEM New and remanufacturing processes, as
demonstrated throughout Section 3.4), their impacts must be considered in addition to the impacts of the
product’s original production process.
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Similarly, the impacts of arranging direct reuse are assumed to be effectively negligible. However, it is
essential to clarify that arranging direct reuse only extends the initial product life by some finite time, and
that product utility and value necessarily diminish over time through use and depreciation. This is
demonstrated for example products from the relevant case study sectors in Figure 12 and Figure 13, and is
also demonstrated in the product-level analysis, in Section 3.1.9 As shown, the value of the life extension
enabled via arranging direct reuse is not equal to, but rather less than, the complete value of the initial
product life cycle.

Figure 12: USA industrial digital pinting press (#2) material utility and value via arranging direct reuse over
time

Please note that remaining material utility (as referenced in Figure 12 and Figure 13) reflects a proxyapproach to describing the material-level degeneration and degradation over time. The OEM New category
reflects the cost and material requirement (economic metrics), and the embodied and process energy inputs
and the embodied and process emissions (environmental metrics) associated with the brand-new product.

9

For the purposes of this assessment it is assumed that there is no formal arranging direct reuse (undertaken by OEMs)
occurring within the HDOR Equipment Parts system; There may be gray-market and informal arranging direct reuse
occurring, in which case a similar depreciation of value and utility over arranging direct reuse cycles should be
assumed.
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Subsequent arranged direct reuse categories (2yr-old unit; 4yr-old unit; and 6yr-old unit) reflect the
declining sale price (asset value) achieved through arranged direct reuse. Utilizing common straight-line
depreciation accounting of asset value, a linear decline is applied to the material, energy, and emissions
values: The negative impact of declining remaining material utility reflects inherent material-level
degradation that occurs throughout the course of regular use. In contrast, the declining remaining energy
value and emissions values represent the positive marginal environmental impact offsets that are enabled
because of the direct reuse of the product. Additional details regarding the product-level results can be
found in Section 3.1. Implicit in this is that once materials have fully-degraded, the product is no longer
able to function, and has lost all utility for both user and VRP opportunity.

Figure 13: USA traditional vehicle engine material utility and value via arranging direct reuse over time

Thus, comparing VRPs solely based on their immediate process impacts does not accurately reflect the
value and potential of each in the context of achieving circular economy.
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In virtually all cases, contextualizing each VRP in terms of how it is utilized and applied across different
sectors is necessary to provide a more complete picture of the potential efficiency gain, impact avoidance,
and value retention.
To address this inherent complexity, it is necessary to consider product-level impacts at a more aggregate
macro-level, considering the broader economic and environmental impacts that VRPs may have under
different circumstances of socioeconomic development and systemic barriers. In this pursuit, Section 3.4
of this report leverages and incorporates the product-level perspective to model the representative impacts
of each VRP across a range of economic contexts and scenarios. These models are subsequently used to
suggest different states of technical, regulatory, market, and infrastructural barrier conditions, from which
the possible trajectory of VRP adoption and the associated impacts at those levels can be estimated.
Ultimately, these projections can inform both industrial strategies and policy initiatives in a way that best
suits the cost-effective and low-risk transition towards greater VRP adoption, and thus ultimately a more
rapid transition to a circular economy.

1.6.5 Differentiating Value-Retention Processes from Traditional Recycling and Reuse
In addition to defining each VRP clearly, it is also important to distinguish VRPs from other technical
material circular economy activities that include reuse and recycling.
Recycling remains a central activity in the reduction of material waste, and decreased dependence on virgin
material. As part of the circular economy, recycling recovers base materials at EOU and cycles them at the
material-level back into component or materials production. Recycling is: The series of activities, including
collection, separation, and processing, by which products or other materials are recovered from the solid
waste stream for use in the form of raw materials in the manufacture of new products, other than fuel for
producing heat or power by combustion. (From Document UNEP/CHW.13/4/Add.2 and Document
UNEP/CHW/OEWG.10/INF/10 under the Basel Convention)
VRPs, as production process innovations, can contribute to increased use of non-new components in the
production process, without losing the value inherent in the structural form of the component. Compared
to other circular economy mechanisms like recycling, VRPs can retain the embodied value-added (cost of
labor, energy and manufacturing activities) of a component, and thus have the potential to make a greater
economic contribution per unit of production when compared to traditional recycling (Hauser and Lund
2008, Klein 1993, Sundin and Lee 2012). VRPs and recycling go hand-in-hand as essential aspects of a
cascading material value-retention system, as depicted in Figure 3.
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A few specific and key factors differentiate VRPs from other technical processes of a circular economy,
which include:
1. The product- and/or component-level perspective of the activity (as opposed to material-level
perspective);
2. That the structural form of the product or component is maintained;
3. That the embodied value-added (cost of labor, energy and manufacturing activities) of the product
or component is retained; and
4. That the product or component is used again for its original intended purpose.
Despite all efforts to develop and enhance VRP systems within a circular economy, all products will
eventually reach EOL. As such, although not the focus of this study, effective and efficient diversion
systems and recycling technologies remain an essential part of a circular economy, and an important
consideration in addition to the insights presented in this report.
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1.7 Value-Retention Processes at the Systems-Level
1.7.1 Market and System Conditions Affecting Current State of Value-Retention Processes
One of the most significant challenges to increasing the scale of VRPs in economies around the world is
the complex nature of the system, which—beyond the traditional supply-chain perspective of production—
must consider massive and complex aspects. These include collection infrastructure and incentives,
regulatory classifications and terminology that can interfere with access and trade, markets and social norms
that associate ‘new’ with status and quality, and well-entrenched technological and production systems
oriented towards linear flows and producer responsibility. A description of the economy-level systemsmodel that provides the basis for economy-level modeling (See Section 2.4) is presented in Figure 14.

Figure 14: Description of the complex economic system required to support value-retention processes

The objective of increasing the scale and prevalence of VRPs and products within an economy requires a
holistic approach that considers the magnitude and cause of barriers throughout the entire system, as well
as how those barriers may interact to compound or negate one another. To simplify the nature of key known
barriers to VRPs, Figure 14 enables the organization of the occurrence of the barriers:
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•

Regulatory and Access Barriers: Refers to barriers that restrict the movement of, and/or access
to VRP products or cores. In many cases these barriers may manifest as prohibitions of the
production and/or sale of VRP products into a domestic market; they may also manifest as increased
fees, tariffs or other transactional costs associated with bringing finished VRP products or
components (cores) for VRP production into the domestic economy. At a high level, these barriers
either constrain the customer market from accessing VRP products (production, import, and/or
sales restrictions), or they constrain VRP producers from accessing essential production inputs
(domestic collection and reuse, and/or import restrictions).

•

Collection Infrastructure Barriers: Refers to constraints on the VRP system related to the ability
to recover EOU products or components from the market and redirect them into appropriate endof-life materials management streams. Of importance to this study is the presence of, and efficiency
of the secondary market system that recovers EOU products and components for use as inputs to
VRP production. VRP production is dependent on the ability to access EOU products and
components; the vast majority of economic and environmental benefits created via VRPs are tied
to the offset or original production materials and processes through the reuse of viable parts,
components, and/or modules (in the case of remanufacturing and refurbishment, these may be
referred to as ‘cores’). If collection infrastructure is inadequate or inefficient, the reuse input
requirements of VRP producers cannot be met. There are implications for producer, industry and
economy: In the absence of VRP input materials, producers are likely to revert to OEM New
traditional production practices – using greater material inputs, energy, and emissions levels to
meet demand.

•

Technological Barriers: Refers to the constraints on the VRP system related to the VRP
producer’s ability to access the necessary technology, product knowledge and know-how, and
skilled labor necessary to maximize the benefits of VRP production, as identified more specifically
in Table 3. Where technology, product knowledge, process know-how and/or skilled labor are
insufficient, the capacity of the VRP producer is relatively constrained, and the associated potential
economic and environmental benefits are limited. In addition to being limited in the current state,
the VRP producer’s ability to build capacity over-time – whether demand opportunity exists or not
– is likely stunted. This ensures that, even under barrier-alleviation scenarios and strategies, growth,
uptake, and gains from increased VRP production occur more slowly, and with lesser impact
avoidance.

•

Market Barriers: Refers to the range of barriers which may present in the customer market, and
which may include access to distribution and sales channels in the logistical context, or to a pre-
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existing market preference for ‘new’ products. The complexity of customer (consumer) attitudes,
preferences, willingness-to-pay, and actual purchasing behavior creates significant additional
challenges for VRPs, even in markets where no other barriers are present. Where a strategic
approach for many VRP producers is to offer a discounted price as a way to incentivize the purchase
of the VRP product, this price discount is directly tied to the VRP producer’s ability to find cost
advantage in the production process. As mentioned above, the presence of technological, collection,
and/or access constraints can directly affect the VRP producer’s ability to offer a price discount,
and therefore to respond to potential customer market barriers.
A more comprehensive discussion and list of these barriers are reflected in the subsequent sections and
summarized in Table 3.
The legacy of past policy decisions and technological, behavioral, organizational and institutional
conditions efficiency present significant barriers to progress in this area. At the same time, the economics
and relative attractiveness of different circular production models vary significantly for different products
and markets, with each facing its own challenges in terms of adoption and market access potential. A
systems-level perspective enables the identification of conditions that act as barriers to improved adoption
of and engagement with circular production processes, and which may inhibit the realization of the
resource-saving potentials of these different circular models.
While the firms that engage in VRPs are increasingly innovative and creative in their processes, VRP
activity remains low relative to traditional production and manufacturing. According to the USITC (2012),
remanufacturing has an estimated intensity of only ~2% of all manufacturing occurring in the United States,
and ERN (2015) study results reveal a remanufacturing intensity of only 1.9% of all manufacturing
occurring in Europe. Additional details about the relative share of other VRPs (production mix and market
share) were estimated via interviews with collaborating industry experts.
The collection infrastructure (including public programs and/or landfill bans) that help to facilitate the
collection of EOU products from customers from customers and users for the secondary market are also
important for circular economy models. Regional infrastructure often exists to allow for materials recycling.
However, remanufacturing, and refurbishment, in many countries, lack local or regional level infrastructure
and/or programming that may help to facilitate the direction of EOU products into appropriate secondary
markets. In many cases, these collection activities occur between commercial or industrial entities, however
without supportive collection infrastructure/systems a significant, and potentially prohibitive cost burden
of collection is placed upon independent entities.
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From the perspective of production capacity, the availability of, and access to equipment, expertise,
programming, and facilities can lower logistics costs and allow market players to access local labor and
engineering skills thus creating local jobs. Each of these product life extension practices is accompanied by
opportunities and constraints, some of which are sector-specific, and some are linked to the scale of reverselogistics operations, which can be strongly dependent on economies of scale and on the level of economic
development.
Like most businesses, those engaging in VRPs must manage complex systems of agents throughout their
supply chains: Customers and wholesalers, core suppliers and distributors, OEM’s and competitors (Atasu,
Guide Jr, and Van Wassenhove 2010). However, there is evidence that producers of VRP-products are
competitively disadvantaged relative to producers of the ‘new’ version of the product in three distinct forms:
production and supply chain complexity; regulatory and system complexity; and market complexity.
1.7.1.1

Production and supply chain complexity

Unlike traditional manufacturers, producers engaged in VRPs face additional infrastructure cost
requirements in the sourcing of inputs. These costs manifest through the additional labor, transportation,
and communication that are required to recover cores from customers located around the world in some
cases and return them to the appropriate VRP facility for processing. Where the producer has access to the
original sales destination (e.g. the OEM), the locating of cores can be simpler, and collection infrastructure
can be piggybacked on top of existing distribution networks via reverse logistics. These still incur additional
costs but are far simpler to undertake as compared to the many cases where the VRP producer is not
affiliated with the original sale and is not privy to information about the location of cores, for collection
purposes. The asymmetrical information regarding the location of cores creates a cost advantage for OEMs
engaging in VRP; Regardless of this advantage, the requirement for reverse-logistics within the supply
chain puts any VRP producer at a distinct disadvantage to traditional linear production activities.
Table 3: Summary of key barriers inhibiting practice and scale-up of value-retention processes

Type
Regulatory &
Access
Barriers

Examples of systemic barriers to VRPs
• Lack of legally and internationally-agreed and/or accepted definitions of
remanufacturing, refurbishment, and repair activities10
• Legal classification of ‘used’ goods as ‘waste’, which may restrict consideration of
‘used’ goods as valuable inputs to VRP production activities11
• Bans and/or restrictions on the imports of ‘cores’11
• Requirements for special classification and/or import treatment of finished VRP
products, including extensive documentation and packaging conditions11

10

(Hopkinson and Spicer 2013, Nasr et al. 2016, UNEP IRP Beijing Workshop and Nasr 2016, UNEP IRP Berlin
Workshop and Nasr 2016, U.S. International Trade Commission 2012)
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• Micro-level behavior of firms and customers can be affected by macro-level factors
such as taxes and regulations11
Technological
Barriers

• Lack of third-party access to original product specifications to support VRP
production and testing11
• Lack of third-party access to core location, impeding collection efficiency and
effectiveness11
• OE design that inhibits VRP options for the product11
• R&D and core quality testing technical capabilities11
• Capital requirement to extend/add VRP production capacity to existing
manufacturing operations12
• Cost and overhead burden of core collection infrastructure and logistics11
• Long-standing organizational systems oriented towards linear production
activities11
• Non-traditional labor force skill requirements13
• Lack of industry standardization and defined standards, which creates an unleveled
playing field even between VRP producers11(Refer to Section 5.4.5 for extended
discussion of voluntary standards opportunities)

Market
Barriers

• Increasing presence of new but low-quality imported product options competing
against domestically-produced VRP products11
• Lack of customer awareness and understanding of VRP product options11
• Lack of ‘demand’ or ‘pull’ for VRP products into the marketplace11
• Complex market signals and indicators, and inconsistent market strategies of VRP
producers which can lead to customer confusion and misunderstanding14
• OEM concern for potential cannibalization of new product sales by VRP products14
• Customer perception of value related to the concept of ‘reuse’ and VRP products11
• Presence of prohibitive policy that restricts market access to VRP products11
• Pre-existing market preference for new products (e.g. as status symbol) 11
• Complex customer preferences for product attributes related to sustainability:
sometimes attractive, sometimes deterrent12

Collection
Barriers

• Presence and quality of diversion and collection infrastructure, which may prevent
VRP producers from accessing cores/reuse inputs11
• Centralized vs. decentralized collection systems (e.g. third-party) which increase
complexity and magnitude of reverse logistics system costs11
• Regulated diversion programs enable shared collection cost burden (e.g. Germany),
versus firm-initiated collection systems for which the entire cost burden falls upon
the firm11
• Customer diversion behavior and convenience of diversion vs. disposal options11

11

(Organisation for Economic Co-operation and Development 2009)
(European Commission 2004)
13
(Ashford 1993)
14
(Atasu, Guide Jr, and Van Wassenhove 2010, Guide and Li 2010)
12
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1.7.1.2

Regulatory and system complexity

Significant and unique policy-related barriers to VRPs exist in certain markets. These policy-related barriers
often either directly or indirectly create disadvantage, for a variety of reasons that range from consumer
protection interests (e.g. import restrictions) to environmental protection interests (e.g. product recycling
targets). As discussed, often these barriers originate in the understanding of, and regulated definition of
VRPs and VRP inputs, such as cores. Where policy language fails to recognize the embodied value of a
core, and/or requires cores to be treated as waste materials, the collection and movement of cores to support
VRP production becomes prohibitively constrained.
Significant factors affecting the competitiveness of VRP producers include: the availability of low-cost new
products; customer preferences for new products; shrinking relative demand for VRP products; lack of
knowledge of foreign markets; transportation costs; availability of cores; and lack of distribution or
marketing channels (European Remanufacturing Network 2015, U.S. International Trade Commission
2012).
1.7.1.3

Market complexity

In traditional market competition, producers can use distinct and complex strategies to signal quality and
value to their target customer, using mechanisms of brand, price, advertising, appearance, functionality,
and other product characteristics. (Atasu, Guide Jr, and Van Wassenhove 2010) In the context of VRP
products, these traditional signals can become convoluted, as described in a few examples below. The
diverse, complex, and unique nature of consumer-related barriers to VRP adoption is explored in more
detail in Section 4 with the proposal of an extended diffusion model for VRP products that considers these,
and other, factors affecting market adoption.
1.7.1.3.1

Brand

Given the requirement for a ‘core’, VRP producers must walk a fine line of using original OEM-branded
cores in a branded VRP product, and appropriately differentiating them from the ‘new’ version of that same
product. There is often significant concern from OEMs that remanufacturing, and refurbishment can not
only cannibalize sales of the new product but can also erode the reputation and confidence that the market
may have in the brand. Where a strong brand may signal positively to the market about the new product,
using the same brand for VRP products may have a different outcome. (Guide and Li 2010) For example,
where the new and VRP product are indistinguishable from one another, the VRP product can become a
perfect substitute for the new product; whether this creates an advantage or disadvantage to the producer
depends on whether they are the OEM or the VRP producer (Atasu, Guide Jr, and Van Wassenhove 2010).
As VRPs can be performed by an OEM, contracted out to a third party, or independently undertaken, the
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role of branding can have both positive and negative implications. While the role of brand may be different
in the context of B2C vs. B2B products, the service reputation and reliability associated with brand is
particularly important for B2B transactions, particularly those occurring at higher price points (Refer to
Section 5.2.1) (Brown, Sichtmann, and Musante 2011, Tukker 2015b).
1.7.1.3.2

Price

Price has often been used to signal ‘quality’, with higher prices suggesting higher quality, higher-priced
inputs, and lower prices suggesting lower quality, lower-priced inputs. In this case, VRP producers may be
motivated to price the VRP product at a discount – because they have higher margins, and because they
may attract customers with a lower willingness-to-pay for the product. However, the practice of price
discounting also sends a signal that the market may interpret as indicating a lower-quality product. In the
case of remanufacturing, where the finished remanufactured product meets or exceeds the same
performance and quality specifications as the new product, this price signal can actually undermine the
technological and process investment behind remanufacturing and can misrepresent the product in the
market place. In the absence of other information, customers must interpret whether the lower-priced VRP
product is discounted to attract their business or discounted as a result of lower product quality.
A visual organization of these barriers, including barrier interrelationships, is presented in Figure 15.

Modified from (Nasr et al. 2017)

Figure 15: Classification of barriers to value-retention processes
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1.7.2 Key Stakeholders
Despite its logical appeal, there are significant challenges that inhibit the growth of VRPs alongside
traditional production activities. These challenges and barriers are presented across a range of key
stakeholders

from

essential

system

perspectives:

Market,

Production,

and

Diversion

and

Collection/Recovery.
1.7.2.1

Producers

1.7.2.1.1

OEM Refurbishers & Remanufacturers

While the margin advantage attracts some OEM’s to engage in the side-business activity of VRPs, for
certain products or product lines, predominant challenges from the perspective of OEM’s include the
perceived threat of cannibalization and market share loss, and the technical challenge of changing
established systems and processes. Some firms that have embraced VRPs, such as Caterpillar Inc., argue
that the lower price remanufactured option actually creates new markets for customers who are able to
subsequently participate in the market, given the lower price point opportunity. This may be particularly
true in economies in which VRP products are not accessible, and where the higher price of OEM New
products may prevent customers from purchasing a product they may need.
Firms that have effectively differentiated their markets for ‘new’ product and ‘VRP’ product have
demonstrated the potential to grow overall market share through VRP product lines. (U.S. International
Trade Commission 2012) OEM’s hold the greatest power within the full service life VRP system; they are
the owners of the intellectual property, product design specifications, and locational information for core
collection. Competitive OEMs wishing to limit third-party activity in the market have been known to
withhold these important types of information, ultimately preventing more comprehensive VRPs from
happening. The desire by OEM’s to prevent competition from VRP products and third-party VRP producers
is one of several key factors impacting the growth of VRPs within industry. (Nasr et al. 2016, UNEP IRP
Beijing Workshop and Nasr 2016, UNEP IRP Berlin Workshop and Nasr 2016) The lack of OEM
engagement in VRP activities is also a constraint on growth of VRPs in pursuit of improved resource
efficiency.
1.7.2.1.2

Third-Party Value-Retention Process Entities

Third-party repair, refurbishers, and remanufacturers are independent firms that collect available product
components for the purposes of VRPs in some form, either in collaboration with, or, without the knowledge
of the OEM. For many products, full service life VRPs cannot be adequately completed without the
necessary product design specifications; in many cases the third-party VRP producer also faces challenges
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trying to locate and recover product cores as part of a separate reverse logistics. In cases of OEM reluctance
to engage in VRPs, some view third-party VRP producers as the primary driver of potential growth of VRPs
in the industry; however, without access to product specifications from OEM’s and some OEM designs that
purposefully prevent VRPs or upgradability (e.g. printer cartridges), the production potential of third-party
VRP producers remains quite constrained. Overcoming the lack of OEM collaboration and engagement is
key to expansion of VRP products contributing to much greater resource efficiency and circularity.
1.7.2.2
1.7.2.2.1

Market-Level Stakeholders
Domestic Customers

Market demand is always a defining factor for the growth of any industry. The decision by OEM’s and
third-party producers to engage in VRPs is often dictated by market dynamics: Is there a market for VRP
versions of a product, and at what price point is the VRP product viable? OEM’s and third-party producers
typically offer discounted price points for the VRP product, simply to account for the discounted market
perception: that ‘used’ is equivalent to a higher-risk and lower-quality product. At the right discount,
however, customers will accept different VRP products. The cost advantage that may exist across VRP
products is described further as part of the product-level advantages of VRPs in Section 3.2.1. Customers
may be more open to VRP products under a service business model, in which the customer only leases the
product, and receives a full-service-for-fee offering from the leasing company. A significant barrier to VRP
industry growth, is that customers do not seem to be aware and/or sufficiently educated about VRP products
and their value. Overcoming the perception that ‘VRPs possess higher risk and lesser quality than ‘new’
versions of the product through education and awareness and promoting the cost and resource use
advantages of VRPs must be strategic priorities in the pursuit of resource efficiency within production
systems. Transitioning the marketplace away from product-oriented offerings, and towards service-oriented
offerings could significantly impact the acceptability and proliferation of VRPs goods in the marketplace.
All of these factors are discussed in greater detail in Sections 5.2 and 5.3.
1.7.2.2.2

International Trade Partners

Export opportunities for VRP goods are significant for many economies. For the United States, with
remanufacturing industries accounting for approximately $11.7B USD in 2011, and especially for foreign
markets that require lower price points, and/or that have accessibility challenges within their domestic
markets. (U.S. International Trade Commission 2012) Export opportunities create growth potential for VRP
producers, however these opportunities are often constrained by regulatory barriers in foreign markets. The
primary barrier facing international trade and exchange of VRP products and components relates to the lack
of accepted definitions of what these processes entail, and how VRP are (or are not) differentiated from
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wastes. Many developing/newly industrialized economies, concerned about the risk of becoming a dumping
ground for the waste by-products of first-world nations, restrict the movement of non-new products and
cores (e.g. India, Brazil), and often completely prohibit the import of VRP products or cores for
remanufacturing (e.g. China). (U.S. International Trade Commission 2012) While the mitigation of
dumping practices must be a priority, and these measures are helpful in some situations, they may also
inadvertently impede legitimate trade opportunities for VRP products, and therefore impede the pursuit of
resource efficiency, globally.
1.7.2.3

Collection & Recovery Networks

The size of the VRP industry, and the ability to improve resource efficiency is entirely dependent upon the
VRP producer’s ability recover product cores from the market in the first place. The logistics of collection
are well studied, and an unavoidable fact of reverse-logistics and collection is that there is an increased cost
to the system that must be borne by someone. In the absence of diversion regulations, there is often little
incentive for OEMs or municipal governments to assume the cost burden of collection. For some VRP
producers, typically larger OEM’s engaging in remanufacturing, that can justify the business case for
recovering cores (e.g. where there is a secondary market incentive payment for the core that would be paid
to the collector), the collection system can be effective, as demonstrated by the high collection rates for
HDOR equipment parts for remanufacturing, globally (~93%). However, collectors must educate and
incentivize the user to ensure that the product gets back into the collection system instead of going to
landfill. In the case of remanufacturing, producers often attempt to accomplish this by offering an incentive
payment for the return of the product or charging a deposit fee on the product at the time of purchase. With
the appropriate education and incentives in place, users and agents throughout the system are better
positioned to increase collection rates and improve the efficiency of reverse-logistics systems to get cores
back into the VRP system.
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2. Context and Methodology for the Study
2.1 Conceptual Framework
To help facilitate and support more circular economies, it is important to understand the impacts that
different types of innovation can have upon products, businesses, sectors, and economic systems. Given the
broad range of innovations that can influence, and are essential to circular economies, a hybrid approach
utilizing bottom-up (product and process-level) and top-down (economy-level) perspectives enables
appropriate reflection different VRP impacts across product systems.
The analysis presented in this report utilizes a hybrid of bottom-up and top-down evaluations to capture
some of the more significant economic and environmental impacts of both innovation, and barriers to broad
applications in the circular economy. This approach does not undertake a life-cycle analysis (LCA) method,
however it does incorporate an attributional approach that identifies and accounts for specific states and
impacts of the relevant processes at the product-level (Please refer to Section 3) and at the aggregated
economy-level (Please refer to Section 1.7). Per Figure 16, an overview of these approaches is provided
below, and expanded on in more detail in Sections 2.3 and 2.4, respectively.

Figure 16: Overview of conceptual assessment framework

•

Product: At the product-level, a bottom-up approach is used to assess production requirements and life
cycle implications for a single individual product, across each VRP. For example, this includes new material
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requirement (kg/unit), embodied materials energy requirement (MJ/unit), and embodied materials
emissions impact (kgCO2-eq./unit)) for every unit produced. Comprehensive empirical data collection for
a sample of ten products, representing three different sectors is used to highlight the product-level economic
and environmental impacts of VRPs within the circular economy (See Table 1). Appendix A describes
these case study products and sectors in greater detail. (Refer also to Section 2.3)
•

Production: Production-level impacts (or factors) layer on the process-specific impacts of
production for OEM New and each VRP on a per-unit basis. These impacts include process energy
requirement (MJ/unit), associated process emissions (kgCO2-eq./unit), the labor requirement (fulltime worker/unit), and the cost advantage (% $ USD/unit). Production impacts are reflected in a
per-unit basis to support and enable subsequent aggregation at the macro-sector and economy
scales. Given the differing nature of production across global economies, production impacts are
reflected in economy-specific impact factors for each of the example production regions: Brazil,
China, Germany, and the United States of America (USA). (Please refer to Section 2.4.3)

•

Economy: Product- and production-level impacts per unit are aggregated to the macro-sector and
economy scales differently, depending on production mix, production facility performance, as well
as the country of origin. Product-level impact data are incorporated into a top-down aggregation
approach, based on estimated production volumes for each case-study product and sector in an
economy.

To assess the magnitude of impact that current common barriers to VRPs may have upon economic and
environmental impact measurements, the top-down approach normalizes production levels across four
sample economies (USA, Germany, Brazil and China) under a Status Quo (current state) scenario. Barriers
to VRPs are well documented; this analysis extends, through sensitivity analysis, understanding of which
barriers to VRPs most significantly constrains the transition to circular economy. Where the impacts of
barriers cause inefficiency and/or negative impacts for different stakeholders and/or to the environment,
policy approaches may then be used to appropriately and effectively target specific barriers for
alleviation/mediation of both the barrier, and the resulting impact.
Two additional barriers-based scenarios are utilized to examine the impact of different barrier alleviation
initiatives upon each of the four sample economies: these include a Standard Open Market for VRP Products
scenario, and a Theoretical High for VRP Products scenario. The methodology for this approach is further
clarified in Section 2.4, and details regarding barrier alleviation scenarios are further described in Figure
17 and further analyzed in Section 3.4.
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Figure 17: Overview of barrier alleviation scenarios

A systems-view of the economy, including production of OEM New and VRP products is essential:
Understanding the interconnectedness and complexity of relationships between a range of system variables
and conditions (factors) ensures a better appreciation of current-state impacts, and implications of future
decision-making and policy direction. At a minimum, this study accounts for some of the primary system
factors that must be considered in the context of VRP production, as described in Figure 18.
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Figure 18: Key factors affecting value-retention processes and production systems

Extensive effort was undertaken to ensure a rigorous empirical approach. The following sections describe
the model development and methodology for both the bottom-up (product- and production-level) analysis
(Section 2.3), and the top-down (aggregated economy) analysis (Section 2.4). Included are data collection
methods, key product/component characteristics used in the model, assumptions used between the various
VRPs included, and description of the modeling program.
The following sections provide additional details regarding, but not limited to: non-proprietary data sources
and approach to data collection; modeling assumptions and rationale; and additional methodological
insights.
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2.2 Summary of Notation
Table 4: Summary of model notation

Sub- and superscript notation

Notation
t
k
j
i
c
m
s
h
n
α
Υ
δ
η
g
λ

τ
ω
φ

Exogenous parameters and notation

φ(𝑎)
φ(b)
PEF
ϐ
ϐ(𝑎)
ϐ(b)
PMF
πN
πR
π(𝑎)
π(𝑏)
PWF
ν
ν(𝑎)
ν(𝑏)
PLF
ψ

Description
Number of Economy-Level model simulation period (t=7)
Sample economy, Brazil, China, Germany, and USA
Case study product (3 industrial digital printers; 3 vehicle parts; 3 HDOR equipment parts)
Production process: OEM New, arranging direct reuse, repair, refurbishment and remanufacturing
Component of the case study product
Material type
Service life cycle of product (j) via process (i), in a given simulation of the Product-Level model
End-of-Life (EOL) routing option for failed components/materials in Product-Level model
Number of product simulations used for Product-Level model (n=1000)
Total weight by material type (m) for component (c) in product (j) in Product-Level model
Upstream material intensity, or upstream waste generation gross-up multiplier in Product-Level model
Burden factor for EOL routing option by material (m) for component (c) in Product-Level model
Number of expected service life cycles for component (c) in product (j) in service life cycle (s)
Compound Annual Growth Rate (CAGR) for product (j) in economy (k) in Economy-Level model (%)
Production mix (or share) for product (j) via process (i) in economy (k) in Economy-Level model (%)
Embodied energy per unit (product (j) via process (i) in economy (k)), global average in MJ/unit
Embodied emissions per unit (product (j) via process (i) in economy (k)), global average in kg. COseq./unit
Process energy/unit (product (j) via process (i) in economy (k)), in MJ/unit
Process energy/unit (product (j) via process (i)) produced in developing/newly industrialized economies,
in MJ/unit
Process energy/unit (product (j) via process (i)) produced in developed/industrialized economies, in
MJ/unit
Process Energy Factor enabling across-economy assessment (Please see Section 2.4.5.5)
Process emissions/unit (product (j) via process (i) in economy (k)), in kg. CO s-eq./unit
Process emissions/unit (product (j) via process (i)) from developing/newly industrialized economies, in
kgCOs-eq./unit
Process emissions/unit (product (j) via process (i)) from developed/industrialized economies, in kgCO seq./unit
Process Emissions Factor enabling across-economy assessment (Please see Section 2.4.5.5)
Non-recyclable Production Waste/unit (product (j) via process (i) in economy (k)), in kg/unit
Recyclable Production Waste/unit (product (j) via process (i) in economy (k)), in kg/unit
Total production waste/unit (product (j) via process (i)) from developing/newly industrialized
economies, in kg/unit
Total production waste/unit (product (j) via process (i)) from developed/ industrialized economies, in
kg/unit
Production Waste Factor enabling across-economy assessment (Please see Section 2.4.5.5)
Process labor req./unit (product (j) via process (i) in economy (k)), in full-time laborer/unit
Process labor req./unit (product (j) via process (i)) from developing/newly industrialized economies, in
full-time laborer/unit
Process labor req./unit (product (j) via process (i)) from developed/ industrialized economies, in fulltime laborer/unit
Process Labor Factor enabling across-economy assessment (Please see Section 2.4.5.5)
Cost advantage (product (j) via process (i), in % $USD relative to OEM New
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MF

Regulatory & Access Factor for product (j) via process (i) in economy (k) used in VRP Barrier Scenarios
in Economy-Level model
Technological Factor for process (i) in economy (k) used in VRP Barrier Scenarios in Economy-Level
model
Market Factor for product (j) via process (i) in economy (k) used in VRP Barrier Scenarios in EconomyLevel model

IP

Import share of demand for product (j) via process (i) in economy (k) in Economy-Level model

RF
TF

IP(𝑎)

Endogenous Variables Determined within the
Models

IP(b)
M
Γ
ρ
D
F
C
IB
X
I
I(𝑎)
I(b)

Import share of demand from developing/newly industrialized economies for product (j) via process (i)
in economy (k) in Economy-Level model (%)
Import share of demand from developed/ industrialized economies for product (j) via process (i) in
economy (k) in Economy-Level model (%)
New material requirement, by material type (m) for product (j) via process (i), in Product-Level model
(kg/unit)
Embodied energy requirement for product (j) via process (i), in Product-Level model (MJ/unit)
Embodied emissions for product (j) via process (i), in Product-Level model (kgCO2-eq./unit)
Estimated demand for product (j) via process (i) in economy (k), in Economy-Level model (# of units)
Fall-out rate of product (j) via process (i), based on expected service life, in Economy-Level model (%)
Estimated units available for collection at end of service life/failure each period (t) in Economy-Level
model (# units)
Estimated total installed base of product (j) via process (i) in economy (k) in period (t) in EconomyLevel model (# units)
Domestic production quantity of product (j) via process (i) in economy (k)
Import quantity of product (j) via process (i) by economy (k)
Import quantity from developing/newly industrialized origins of product (j) via process (i) by economy
(k)
Import quantity from developed/ industrialized origins of product (j) via process (i) by economy (k)

2.3 Bottom-Up Modeling: Empirical Data Collection and Product-Level Analysis
To ensure that the results obtained from this analysis could be properly applied to industry-wide
conclusions, preliminary product selection considerations were discussed thoroughly with industry experts,
reviewed in literature, and considered in the context of current market conditions. The resulting case study
sector and products were selected largely because these sectors are known to engage in VRPs, interested
collaborating industry members were willing to provide access for on-site data collection and interviews,
and these products represented sufficient scale within potential sample economies to enable meaningful
modeling approaches.

2.3.1 Collection of Data on Case Study Products and Processes
Where much of the current literature on circular economy and material efficiency relies on assumptions and
secondary data, of primary interest to this assessment was the collection of first-hand data about case study
products and production processes. I, and other researchers were engaged in the complete disassembly and
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classification of constituent components and materials, as well as numerous on-site visits with industry
collaborators to conduct careful observation of each production process and common practices for each
case study product, wherever possible (UNEP (in press)). Where on-site assessments were not possible due
to proprietary concerns, industry collaborators provided detailed Bill of Materials (BOM) data sets for
product-level materials analysis, as well as comprehensive utilities reports to support and enable process
energy and labor requirements, for OEM New and each VRP production (UNEP (in press)). Each on-site
assessment involved me and other researchers making multiple visits, and engaging in direct interaction
with all levels of the organization, from front-line operators, through to business unit managers and vicepresidents; It also involved support from across the organization, including operations teams, finance, and
facility management (UNEP (in press)). Given the substantial scope of this assessment, in some cases
process-based data could not be collected directly due to the dynamic nature of the process (e.g. repair of
traditional vehicle engines). In these cases, I collected and utilized secondary data from recent LCA and
engineering literature, and additional validation was provided through review by supporting industry
experts.
The data collection methodology developed by Kreiss, Nasr, Thurston, and Haselkorn first required an
assessment of the product and product-platform key characteristics of average length of first service life
(e.g. up to EOU), and actual useful life of the product-platform (e.g. up to EOL) (UNEP (in press)). In
addition, Kreiss, Hilton and I engaged in the collection of primary product and component characteristics
(e.g., weight, material types, causes of fall-out/failure), types of VRPs available for that product, production
waste generation, and the potential reusability (or salvage rate, e.g. 96%) of each product component, under
each different VRP (UNEP (in press)). This also included material requirement gross-up estimates to
account for production byproduct waste and recycling, substantiated by data from relevant LCA literature.

2.3.2 Data Collection Methodology
At the material- and product-level analyses, each product was evaluated separately across the relevant
metrics. The data collection methodology developed by Kreiss, Nasr, Hilton and Haselkorn required
working closely on-site with front-line workers and management team members of industry collaborators
to study both manufacturing processes, as well as standard procedures and practices throughout each VRP
(UNEP (in press)). Specific product-level data that me and other researchers collected included:
Component-level Bill of Materials (BOM); component-level product overview and product platform
assessment; component-level characteristics (e.g., material weight, material type, associated production
waste generation); The types of VRPs used for each product; component-level reusability assessment (e.g.
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% of component retained via each VRP); and product-level service life potential (e.g. # of years the product
is able to be cycled via different VRPs) (UNEP (in press)).
2.3.2.1

Component Characteristics Collected

Each product is assessed at the component level, where component characteristics were collected to perform
the analysis. Some components can be reused for more service lives than other components, as a result of
their design, the materials they are constructed of, and the nature of the VRP utilized. By focusing on a
component-level approach, the total material recirculation, on-average, for these components as part of the
larger product, could be captured. This approach enabled the necessary comparison at a generalizable, but
detailed and meaningful level. For each case study product, data collection originated with the primary
components of BOM, and included the minimum following details: component weight, material type,
reusability mechanism average number of service lives via each VRP, and maximum number of service
lives via each VRP.
2.3.2.2

Product Characteristics Collected

While most of the product-level analysis is performed using component-level data, some product data
considerations were required to allow for the comparison of each VRP relative to the OEM New version of
the product. The two product characteristics collected are the average service life and the estimated platform
life of the product. These two factors are used by Kreiss mainly to determine limits of components
reusability (UNEP (in press)). Because some VRPs do not extend the product life for an additional complete
service life, these characteristics allowed for a more accurate comparison of the results across each
respective VRP.

2.3.3 Product-Level Model Development and Approach
As described previously, a selection of products from key sectors that already engage in VRPs to some
degree were selected for the product-level study. These case study products are described in Table 5.
Table 5: Summary of case study products and processes assessed

Sector

Case Study Products

Commonly-Used VRP Processes

Industrial Digital Printers

• Production printer
• Printing press (#1)
• Printing press (#2)

• All; Comprehensive refurbishment
• All; Comprehensive refurbishment
• All; Comprehensive refurbishment

Vehicle Parts

• Traditional vehicle engine
• Lightweight vehicle engine

• No significant refurbishment
• No significant refurbishment
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• Alternator
• Starter motor

• No significant refurbishment
• No significant refurbishment

Heavy-Duty & Off-Road • Engine
Equipment Parts (HDOR) • Alternator
• Turbocharger

• All; Comprehensive refurbishment
• No significant refurbishment
• No significant refurbishment

A more detailed description of model methodology, data collection and validation procedures is included
in Sections 2.3 and 2.4.

Figure 19: Product-level system and flows for value-retention processes

The boundaries of the modeled VRPs vs. the traditional linear manufacturing system developed by Kreiss,
Nasr, and Thurston are illustrated in Figure 19, and comparison is on the basis of a single unit process cycle
(UNEP (in press)). As discussed previously, the way in which a VRP extends the life of the product or
components will vary: Where comprehensive refurbishment and remanufacturing can provide a complete
new service life to the product (or almost complete new service life, in the case of comprehensive
refurbishment), arranging direct reuse, repair and refurbishment are typically used to enable the completion
of the original life of the product.
To capture these relative differentiations, Figure 20 illustrates the product life of a population of each of
the case study products (assumes normal distribution), in which the products fall-out of the system over the
typical life span due to a range of reasons, where VRPs may be introduced, and the resulting product life
implications of each VRP. For example, reuse and repair activities enable the EOU product to complete the
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original expected service life (hence, shorter usage cycle overlapping with the original OEM New product’s
expected service life curve); in the case of remanufacturing, the EOU product is typically recovered in the
later phase of the expected service life (curve) and restored to like-new condition where it will experience,
at minimum, an additional fully functional service life.

Figure 20: Example model for reutilization of vehicle parts products at EOU through value-retention
processes

The parameters affecting product service life and EOU opportunity for VRPs necessarily varies by product
type, country, and market in several ways: the complexity and designed durability of the product or
component may affect the length of its technical life and its condition at the typical EOU; depending on the
economy, and potentially other consumer preferences and norms in different regions, some products may
be kept ‘in-use’ through repair and reuse activities beyond the original expected life that they were designed
for, as a result of income and/or other constraints that affect access to OEM New and other VRP products.
At the material level, a primary advantage of VRPs is the direct related reduction in new material
requirement15. In other words, rather than meeting one unit of market demand by using 100% new materials
(OEM New), that market demand may be met via a VRP product that requires as much as 90% less new
material input, without constraining demand. This effectively reflects the ‘new material offset’ amount that

15

Please refer to the Glossary of Terms. New material includes a mixture of virgin (primary) and recycled (secondary)
content. Given that the vast majority of materials available for purchase in the global economy consists of some
mixture of virgin and recycled materials, the assumed ratio of virgin and recycled content used in modeling is based
on the global average for each material type, in accordance with the Inventory of Carbon and Emissions
(ICE)((Hammond and Jones 2011)
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is enabled by material reuse in VRPs; this material reuse results in greater material value-retention and
material-use efficiency within the system.
For these case studies, the lifespan characteristics of each component were assessed differently for each
VRP (UNEP (in press)). For remanufacturing and refurbishment, industry collaborators participating in the
study supported the estimation of the following key data points:
1)

Probability of salvage at EOU (salvage rate);

2)

Maximum number of times a component could be effectively reused;

3)

Additional new material inputs to the process (e.g. replacement);

4)

Destination of materials removed during the process (e.g. landfill or recycling);

5)

The cause of component EOU, which could consist of:

6)

•

Mechanical fatigue or failure;

•

Hazard losses; or

•

Predetermined failure (intentional replacement); and

Maximum potential service life of the product, after which no extension would be possible.

Additional information related to potential process impacts were requested by Kreiss from collaborating
companies for each of the relevant products and processes, including: total process energy requirement;
labor hours per unit; and average cost advantage created (vs. OEM New production) via the VRP (UNEP
(in press)). These data points reflect the product-level requirements and impacts of production via linear
and VRPs.
Product-level analysis was primarily performed at the component-level for two reasons. First, in the case
of remanufacturing and comprehensive refurbishment, different product components can have different
reuse-potential. In other words, within the same product, some components can be reused for multiple
service lives (e.g. chassis or frame), whereas others may be limited to only a single service life (e.g.
software, electronic systems). This differentiation is discussed further in Section 5.2.4. The componentlevel approach utilized in the product-level model ensured that total material circulation for each
component, via the VRP, could be appropriately captured relative to other components and the productplatform overall. In addition, this approach enabled a more detailed assessment of value-retention and
reuse-potential across each of the different VRPs. Comparison is assessed on a single unit process basis:
One product, unit going through a single cycle of an OEM New or VRP process.
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Essential component-level data and information, derived largely from the BOM, included material type,
weight (by material), as well as the associated embodied material energy and embodied material emissions
of each, using the material-based global averages from the Inventory of Carbon and Energy (Circular
Ecology 2017, Hammond and Jones 2011). The presence of recycled-content at the materials-level is
accounted for upfront, at the input stage: for example, the embodied materials energy and emissions values
are reflective of global average recycled-content for each material, and therefore include the energy and
emissions associated with that recycled content, on a per-kg basis.
An objective of the product-level assessment was to generalize the impacts of OEM New and VRP
production of nine case study products, across facilities and economies. As such, it was not possible to
meaningfully assume the origin of each material-input, for each component within each product: Instead,
global average values for embodied material energy (MJ/kg) and emissions (kgCO impact data points were
used (Circular Ecology 2017, Hammond and Jones 2011). It is important to note, however, that for the
process-level analysis, it was crucial to reflect process energy and process emissions, for the economy that
production activity was occurring in. Thus, for production activities in each respective case study economy,
process-related energy and emissions impacts were based on economy-specific aspects of efficiency
(generation, as well as transmission and distribution efficiencies) as well as the implications of electricity
grid mixture in terms of Global Warming Potential (GWP, kgCO2-eq.). Process-related energy and
emissions data were taken directly from the Ecoinvent 3.3 database, utilizing the average value for each
case study economy.
An important aspect, when considering circular economy and VRPs, is to understand what events or
mechanisms may trigger the opportunity to engage in VRPs. There are a range of reasons that a product
may reach EOU and fall-out of the market, thus becoming eligible for another service life through VRPs,
as discussed in greater detail in Section 1.6.1. Specific to the case study products assessed in this study, the
product-level analysis incorporated three appropriate reusability mechanisms that are discussed in greater
detail in Section 2.3.3.2.2.
The simulation program developed by Kreiss uses MATLAB to perform a Monte Carlo simulation on the
stochastic model, which enables output results of average new material requirements (inversely, the
required component replacement), by material type, for each production process (UNEP (in press)). Due to
the analysis being a stochastic model, Monte Carlo is necessary to obtain average results, as well as to
address and minimize uncertainty within the model. The program takes the component-level data and
simulates multiple service life cycles for the component using randomly-generated probabilities. In other
words, this process determines whether the component will be reused in the VRP for an additional service
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life cycle. The reusability mechanisms are also applied to simulate the probability and implications of that
additional VRP service life cycle.
Using Kreiss’ MATLAB program procedure, the product BOM is uploaded into the model, and the number
of simulations, n, is defined (UNEP (in press)). This can also be conceptualized as the number of products
the model will run. From there, each component, m, is run through multiple service life cycles, i, until it
ultimately fails through the assigned reusability mechanism, thus reaching EOL. This procedure is run for
every component of the BOM, until all components have been assessed for each OEM New and VRP
simulation.
This analysis estimates the average material that reaches EOL through one of the fall-out mechanisms and,
inversely, the average new material required to replace that failed component in a VRP, for each consecutive
service life cycle. Each product starts out as an OEM New product with original product and material
composition necessary to complete a single original service life; After the initial service life, the product
then becomes eligible for VRPs; however, it will only undergo a VRP based on what is appropriate for that
product and based on the relevant conditions of the sector. For example, in the case of remanufacturing,
some components may not be eligible for an additional service life cycle: Relative to the whole product,
these components may not have retained sufficient overall value to justify remanufacturing them;
alternately, there may be an intolerable risk of product failure if certain components were to be reused in
the process. This rigorous approach to the product-level analysis enables a more realistic understanding of:
1) the reusability of product components from an original product design standpoint; and 2) the
inefficiencies that can exist within VRPs that are related to the design and nature of product components.
2.3.3.1

Product-Level Methodology & Model

The following sections discuss and describe the modeling, assumptions, methods, and data utilized in the
product-level analysis, as presented in the Report. Specifically, the following sections extend Report
Section 2. (Bottom-Up Modeling: Empirical Data Collection and Product-Level Analysis), and Section 5
(Product-Level Benefits of VRPs). To ensure that the results obtained from this analysis could be properly
applied to offer broader and more generalized insights, potential case study products were discussed
thoroughly with industry experts, reviewed in literature, and considered from a market size perspective. To
complete the analysis in the respective time, it was determined that three products would be analyzed from
each sector, for a total of nine individual product case studies (UNEP (in press)). The products selected are
considered representative of industry activities, according to and as suggest by industry collaborators. Key
considerations informing the selection of both products and sectors included but were not limited to: the
availability of data and willingness of industry collaborators; current and potential technological growth
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within the industry sectors being studied; the size of product market, which needed to be of meaningful
significance within the studied economies; and the presence of VRPs and activities for these products, in
each of the studied economies.
2.3.3.2

Product-Level Model

2.3.3.2.1

Process-Specific Assumptions

VRPs are complex, and currently differ by individual product design, facility, company, and economy.
Although significant efforts have been made to standardize some VRPs, the nature of each individual
product requires a tailored approach, even if within a more standardized VRP process. However, for the
purposes of this study, generalizations and assumptions were required. While the primary IRP Report
contains the definitions and scope of each VRP considered by the study, the following sections provide
greater detail regarding the specific VRP assumptions that were incorporated into the product-level model.
2.3.3.2.2

Reusability Mechanisms

Three reusability mechanisms are included in the product-level analysis. These mechanisms reflected the
typical cause of failures at the component-level and enabled the more realistic modeling of the likely
reuse/replacement potential of each component, by both weight and material type, and by each VRP. One
of the three primary reusability mechanisms outlined below was assigned by Kreiss to each component
within the BOM within the product-level model (UNEP (in press)):
•

Fatigue: Applies to components that typically fail due to wear over time. These components have
a durability curve applied to their useful life. Some examples of components likely to fail due to
fatigue include shafts, and other mechanical components that experience fatigue. In the productlevel model these components are accounted for using Weibull distribution and analysis.

•

Hazard: Applies to components that typically fail due to misuse by the user or shipping damages
(e.g. hazardous fall-out). Examples of this type of component includes structural components such
as product housings or frames. In the product-level model these components are represented using
a cumulative exponential distribution over multiple service life cycles.

•

Predetermined: The ‘predetermined’ mechanism applies to components that are replaced based
on a time-schedule or other external indicators determined by the OEM, and not as a result of direct
measurement of component performance or failure. These components can include bushings,
bearings, and other wear components that will be replaced as predetermined by the manufacturer.
This mechanism uses a step-distribution over multiple service life cycles, where the component
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will be used/reused until it reaches its predetermined end-of-life, after which it is diverted into
waste or recycling streams.
2.3.3.2.3

OEM New Production

New production is used as the base case for the analysis. To compare the relative environmental and
economic impacts of VRPs, OEM New products are assumed to have a single service life: the original
intended service life. The analysis excludes the use-phase impacts of the case study products, and as such,
the impacts of that single new production cycle reflect the environmental and economic impacts of one unit
of OEM New production. where no reuse or recycling processes will be used after the typical usage cycle
is complete.
2.3.3.2.4

Arranging Direct Reuse

Products that undergo arranging direct reuse are assumed to come to the end of their usefulness to an
original user/owner prior to the completion of their original intended service life, and through arranging
direct reuse are able to complete that original intended service life, offsetting the requirement for a new
replacement unit. It is assumed that arranging direct reuse activities require no additional material or energy
inputs, and do not generate waste or emissions within the arranging direct reuse process. Although the
industrialized arranging direct reuse process likely creates some waste and resource requirements, these are
assumed to be insignificant to the analysis. An example of arranging direct reuse would be a case where
the original alternator salvaged from an automobile after an accident might be undamaged and may be
directly reused without modification.
Component and material utilization in arranging direct reuse assumes a normal distribution over the typical
product service life. Figure 21 shows that very early in the product service life the product will have higher
value, and thus is more likely to be directly reused. The further the product service life extends past the
peak of the normal distribution, the product is diminishing value and utility, suggesting that there is
decreasing value for arranging direct reuse as customers may not want to invest in a product that may fail
shortly after purchase.
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Figure 21: Probability of arranging direct reuse distribution over typical service life

2.3.3.2.5

Repair

Products that undergo repair are assumed to have some component failure prior to the completion of their
original intended service life. Through repair, the product can complete the original intended service life,
thus offsetting the requirement for a new replacement unit. In many cases, the need for repair is expected
by both manufacturer and owner, and so for the purposes of generalization, the model assumes these kinds
of failures to be part of the predetermined reusability mechanism. This assumption was confirmed in
interviews with relevant industry experts.
The repair process is assumed to only complete the original intended service life, not extend it. Generally,
repair will include replacement of a typical failed component with a new one, after which the product is
returned to the original owner to complete its service life. Given the new material inputs required by the
repair process, the model also assumes the incurring of waste materials, embodied energy, and embodied
emissions specific to the new material added. However, while the repair process likely incurs additional
process energy and process emissions, in the absence of verifiable data, it was deemed that these processspecific impacts were negligible within the analysis.
Similar to arranging direct reuse, component and material utilization in the repair process is assumed to
follow a normal distribution over the typical service life of a product. As depicted in Figure 22, products
early in their service life are less likely to fail and need repair operations; in contrast, as the product ages
towards the end of its intended service life, value and utility decreases to the point where the costs of repair
may not be worth the marginal service life extension they offer.
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Figure 22: Probability of repair distribution over typical service life

2.3.3.2.6

Refurbishment

The refurbishment process is assumed to start when a product/component reaches end-of-use (EOU) either
within or at the end of a particular service life. Refurbishment follows a rigorous process that is like
remanufacturing apart from two characteristics, which are assumptions within the model. Given that the
product is at least partially disassembled during refurbishment, component-level reusability and impacts
are assessed separately and then re-aggregated to reflect the average expected impacts at the product-level.
Due to the lower acceptance threshold for refurbishment, modules and components used in refurbishment
may not meet “as-new” quality specifications. As such, components that are reused through the
refurbishment process are likely to have a higher probability (or rate) of reuse, and a higher probability of
being lower quality. In the absence of a higher threshold for quality specifications, the component is
assumed to have fewer additional service lives. This assumption is applied only to components that are
assigned to the fatigue reusability mechanism.
The new material requirements, associated embodied energy and emissions, process energy and emissions,
and related production material waste were all measured for each case study product/component
2.3.3.2.7

Remanufacturing

Due to the robustness of the process and, by definition, the product identity being lost, remanufacturing
generates products that are equivalent to the OEM New version in both performance and expectation of a
full new service life. Similar to the approach used for refurbishing activities, the model first analyzes each
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reusability mechanism and impacts at the component level. Component-level impacts are then reaggregated
to reflect average expected impacts at the product-level.
The new material requirements, associated embodied energy and emissions, process energy and emissions,
and related production material waste were all measured for each case study product/component

2.3.4 Calculating Material Requirements for VRPs
A primary advantage of circulating/recirculating products/components is the reduction in required new
materials enabled by the VRP. With some inputs sourced through a circular system, the requirement for
new material inputs is offset, along with associated waste, energy, and emissions impacts of extraction and
processing activities. To best reflect material reuse through VRPs, and to capture the potential multiple
service lives enabled via VRPs, a component-level approach is utilized. The following general formula
developed by Kreiss, Equation 1, is utilized (UNEP (in press)):
𝑖
𝑀𝑗,𝑚
= ∑∑
𝑠

𝑐

𝛼𝑗,𝑚,𝑐 𝛾𝑗,𝑚,𝑐,𝑠 𝛿𝑗,𝑚,𝑐,𝑠,ℎ
∀ 𝑖, 𝑗
𝜂𝑐,𝑠

Eq. 1

Where M is the new material requirement of process i (OEM New, arranging direct reuse, repair,
refurbishment, remanufacturing) for each material type, assuming an average mix of primary and secondary
material content; α is the material weight, Υ is the material intensity (e.g. material reuse, accounting for
processing and/or machining scrap) or waste factor, δ is the end-of-life burden multiplier (waste = 100%,
0 < Recycling Efficiency < 100%) and η represents the number of expected service life cycles. Subscripts

j, m, c, s, and h represent the product, material type, component, service life cycle, and end-of-life route,
respectively.
The new material requirement for each material and each component is calculated, and then aggregated
over each consecutive service life. The length and number of component service lives, material reusability,
and other assumptions are discussed in greater detail in the following sections.
The extension of material requirements to reflect associated embodied energy per product (𝛤) and embodied
emissions per product (𝜌) is calculated linearly as an extension of Equation 1. With material-based
embodied energy requirements reflected via τ (MJ/kg) and associated embodied emissions reflected via ω
(kgCO2-eq./kg), the environmental impacts associated with the material requirements of different processes
are described in Equations 2 and 3 (UNEP (in press)).
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𝑖
𝑖
Γ𝑗𝑖 = ∑( 𝑀𝑗,𝑚
× 𝜏𝑚
) ∀ 𝑖, 𝑗

Eq. 2

𝑚

𝑖
𝑖
𝜌𝑗𝑖 = ∑(𝑀𝑗,𝑚
× 𝜔𝑚
) ∀ 𝑖, 𝑗

Eq. 3

𝑚

Values obtained to support the calculation of Equation 2 and Equation 3 are taken from the Inventory of
Carbon and Energy (ICE) database, from Circular Ecology (Hammond and Jones 2011)16. These values and
selected supporting assumptions from the ICE database are reflected in Table 6.
Table 6: General embodied material energy and emissions values used in product-level model
Assumed
Recycled
Material
Content17 (%)

Embodied
Energy (τ)
(MJ/kg)

Embodied
Emissions (ω)
(kgCO2-eq/kg)

% Embodied
Energy from
Energy Source16
(%Electricity /
%Other)

% Embodied
Carbon from
Source16
(%Electricity /
%Other)

Steel

59%

20.1

1.5

N/A

N/A

Stainless Steel

N/A

56.1

6.2

N/A

N/A

Cast Iron

0%

25.0

2.0

N/A

N/A

Copper

37%

42.0

2.7

N/A

N/A

Aluminum

33%

155.0

9.2

63.6% / 36.4%

57.2% / 42.8%

60%

44.0

2.6

87.0% / 13.0%

86.5% / 13.5%

0%

11,880.0

1,723.4

N/A

N/A

Material Type

Brass
Printed Circuit Board

(PCB)18

Source: Inventory of Carbon and Emissions (ICE), (Hammond and Jones 2011)

2.3.4.1
2.3.4.1.1

Product-Level Model Assumptions
Industrial Digital Printers

Product-level assumptions used for modeling case study industrial digital printers are presented in Table 7
through Table 10. The estimated average service life achieved for each of the VRP processes was
determined by the project team in interviews with industry experts who were familiar with each model of
OEM New industrial digital printer, and the related VRP versions. Given that all VRPs for these case study
products, excluding repair, are performed by the OEM, external service life estimates for these products
were deemed less relevant and unnecessary for the purposes of this study. For the purposes of clarification,
16

ICE Database, from the Circular Ecology website: http://www.circularecology.com/. (Hammond and Jones 2011)
Values were based on “Typical”, “General”, and/or “R.O.W.” classification in ICE Database (Hammond and Jones
2011)
18
Embodied energy and embodied emissions estimates for printed circuit were derived from (Kemna et al. 2005).
Embodied energy for copier total PCB estimated to be 3,300 kWh/kg.
17
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the service life provided by refurbishment of case study industrial digital Printing Press #1 and Printing
Press #2 reflects an assumed 90% of the service life for the remanufactured version, as validated by industry
experts.
Table 7: Product model parameters and VRP assumptions for Industrial Digital Production Printer
Case Study: Industrial Digital Production Printer
Product Model Value-Retention Process Assumptions
Estimated
Service Life
(Years)

Est. # of
Service Life
Cycles (η)

Avg. Material Reuse Per
Component Per VRP Cycle
(1- Υ ) (by weight)

OEM New

7.0

1

0.0%

Remanufactured

7.0

3

99.2%; 98.5%; 97.7%

Refurbished

7.0

1

99.3%

Repair

3.5

1

99.8%

Arranging direct reuse

3.5

1

100.0%

Avg. Prod. Waste GrossUp Rate on New Material
Inputs (δ, by BOM weight)

10.0%

Table 8: Product model parameters and VRP assumptions for Industrial Printing Press #1

Case Study: Industrial Printing Press #1
Product Model Value-Retention Process Assumptions
Avg. Material Reuse Per
Component Per VRP Cycle
(1- Υ ) (by weight)

Estimated
Service Life
(Years)

Est. # of
Service Life
Cycles (η)

OEM New

9.0

1

0.0%

Remanufactured

8.0

4

92.3%; 82.8%; 76.9%; 71.6%

Refurbished

8.1

1

92.7%

Repair

4.5

1

98.2%

Arranging direct reuse

4.5

1

100.0%
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Avg. Prod. Waste GrossUp Rate on New Material
Inputs (δ, by BOM weight)

10.0%

Table 9: Product model parameters and VRP assumptions for Industrial Printing Press #2

Case Study: Industrial Printing Press #2
Product Model Value-Retention Process Assumptions
Avg. Material Reuse Per
Component Per VRP Cycle
(1- Υ) (by weight)

Estimated
Service Life
(Years)

Est. # of
Service Life
Cycles (η)

OEM New

9.0

1

0.0%

Remanufactured

8.0

3

85.4%; 83.0; 80.6%

Refurbished

8.1

1

96.5%

Repair

4.5

1

98.2%

Arranging direct reuse

4.5

1

100.0%

Avg. Prod. Waste GrossUp Rate on New Material
Inputs (δ, by BOM weight)

10.0%

Table 10: Product model parameters and assumptions for case study Industrial Digital Printers

Case Study: Industrial Digital Printers
Product Model Assumptions
Avg.
Product
Weight
(kg/ unit)

# of
Components
per
Product19

% Components
Modeled with Cum.
Exp. Distribution
(Hazard)

% Components
Modeled with Weibull
Distribution (Fatigue)

Production Printer

1,115

100

76.0%

19.0%

5.0%

Printing Press #1

4,634

97

79.4%

7.2%

13.4%

Printing Press #2

2,480

202

74.8%

9.4%

15.8%

2.3.4.1.2

% Components
Modeled with
Step Distribution
(Predetermined)

Vehicle Parts

Product-level assumptions used for modeling case study vehicle parts are presented in Table 11 through
Table 14. Average expected life of personal vehicles is 150,000 miles/life20, and average miles per year
driven in personal vehicles is 12, 476 miles/year21. As such, 150,000/12, 476 is an estimated average life in
years of 12.0 per vehicle. As this assessment is focused on the individual products that are part of the entire
vehicle system, the life of the vehicle is used as a proxy for estimating the life of the vehicle parts products
used for case study. Given that remanufacturing leads to a full new service life of the product, the
remanufactured version and the OEM New version are assumed to offer equal average product service lives
of 12.0 years. It is assumed that the arranging direct reuse and/or repair of these products, events which

19

Given BOM complexity and industry collaboration constraints, # of components per product are based on actual BOM data,
reflect a minimum of 80% by weight of the total product, and account for the major material types used in the production process.
This approach allows for the assumption that case study products are representative of similar products for the purposes of assessing
material and embodied impacts, as well as processing implications.
20 Per US DOT (U.S. Department of Transportation Federal Highway Administration 2016)
21
Per consumer reports (Bartlett 2009)
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occur prior to completion of the first service life of the product, have service lives equal to 50% of the full
service life (partial service life) enabled via OEM New and/or remanufacturing production processes.
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Table 11: Product model parameters and VRP assumptions for Vehicle Engines

Case Study: Vehicle Engine
Product Model Value-Retention Process Assumptions
Avg. Prod. Waste GrossUp Rate on New Material
Inputs (δ, by BOM
weight)

Estimated
Service Life
(Years)

Est. # of
Service
Life Cycles
(η)

OEM New

12.0

1

Remanufactured

12.0

5

0.0%
83.5%; 52.0%; 44.6%; 40.3%;
36.5%

Refurbished

--

--

--

Repair

6.0

1

91.3%

Arranging direct reuse

6.0

1

100.0%

Avg. Material Reuse Per
Component Per VRP Cycle
(1- Υ) (by weight)

15.0%

Table 12: Product model parameters and VRP assumptions for Vehicle Alternators

Case Study: Vehicle Alternator
Product Model Value-Retention Process Assumptions
Avg. Material Reuse Per
Component Per VRP Cycle
(1- Υ) (by weight)

Estimated
Service Life
(Years)

Est. # of
Service Life
Cycles (η)

OEM New

12.0

1

0.0%

Remanufactured

12.0

4

76.7%; 43.9%; 27.3%; 16.7%

Refurbished

--

--

--

Repair

6.0

1

80.0%

Arranging direct reuse

6.0

1

100.0%

Avg. Prod. Waste GrossUp Rate on New Material
Inputs (δ, by BOM weight)

10.0%

Table 13: Product model parameters and VRP assumptions for Vehicle Starters

Case Study: Vehicle Starter
Product Model Value-Retention Process Assumptions
Avg. Material Reuse Per
Component Per VRP Cycle
(1- Υ) (by weight)

Estimated
Service Life
(Years)

Est. # of
Service Life
Cycles (η)

OEM New

12.0

1

0.0%

Remanufactured

12.0

4

77.9%; 57.1%; 54.6%; 52.6%

Refurbished

--

--

--

Repair

6.0

1

92.7%

Arranging direct reuse

6.0

1

100.0%
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Avg. Prod. Waste GrossUp Rate on New Material
Inputs (δ, by BOM weight)

10.0%

Table 14: Product model parameters and VRP assumptions for Vehicle Parts

Case Study: Vehicle Parts
Product Model Assumptions
Avg.
Product
Weight
(kg/ unit)

# of
Components
per
Product19

% Components
Modeled with Cum.
Exp. Distribution
(Hazard)

% Components
Modeled with Weibull
Distribution (Fatigue)

% Components
Modeled with
Step Distribution
(Predetermined)

136

61

13.1%

41.0%

45.9%

Vehicle Alternator

7

11

27.3%

54.5%

18.2%

Vehicle Starter

4

38

10.5%

57.9%

31.6%

Vehicle Engine

2.3.4.1.3

HDOR Equipment Parts

Product-level assumptions used for modeling case study HDOR equipment parts are presented in Table 15
through Table 18. The estimated average service life achieved for each of the VRP processes was
determined in interviews with industry experts who were familiar with the OEM New HDOR case study
equipment parts, and the related VRP versions. Given that all VRPs for these case study products, excluding
repair, are performed by the OEM, external service life estimates for these products were deemed less
relevant and unnecessary for the purposes of this study. For the purposes of clarification, the service life
provided by refurbishment reflects an assumed 90% of the service life for the remanufactured version, as
validated by industry experts.

Table 15: Product model parameters and VRP assumptions for HDOR Engines

Case Study: HDOR Engine
Product Model Value-Retention Process Assumptions
Avg. Material Reuse Per
Component Per VRP Cycle
(1- Υ) (by weight)

Assumed
Service Life
(Years)

Est. # of
Service Life
Cycles (η)

OEM New

3.0

1

0.0%

Remanufactured

3.0

3

92.8%; 74.4%; 37.7%; 67.6%

Refurbished

2.7

1

--

Repair

1.5

1

91.9%

Arranging direct reuse

--

--

100.0%
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Avg. Prod. Waste Gross-Up
Rate on New Material Inputs
(δ, by BOM weight)

15.0%

Table 16: Product model parameters and VRP assumptions for HDOR Alternators

Case Study: HDOR Alternator
Product Model Value-Retention Process Assumptions
Avg. Prod. Waste
Gross-Up Rate on New
Material Inputs (δ, by
BOM weight)

Service Life
Per Industry
Expert (Years)

Est. # of
Service
Life
Cycles (η)

OEM New

3.0

1

0.0%

Remanufactured

3.0

9

71.6%; 52.2%; 37.7%; 27.5%; 19.3%;
12.0%; 6.5%; 3.0%; 1.1%

Refurbished

--

--

--

Repair

1.5

1

72.7%

Arranging direct reuse

--

--

100.0%

Avg. Material Reuse Per Component
Per VRP Cycle
(1- Υ) (by weight)

10.0%

Table 17: Product model parameters and VRP assumptions for HDOR Starters

Case Study: HDOR Starter
Product Model Value-Retention Process Assumptions
Assumed
Service Life
(Years)

Est. # of
Service Life
Cycles (η)

Avg. Material Reuse Per
Component Per VRP Cycle
(1- Υ) (by weight)

OEM New

3.0

1

Remanufactured

3.0

5

0.0%
91.5%; 68.4%; 49.3%; 40.4%;
37.9%

Refurbished

--

--

--

Repair

1.5

1

83.3%

Arranging direct reuse

--

--

100.0%

Avg. Prod. Waste Gross-Up
Rate on New Material Inputs
(δ, by BOM weight)

10.0%

Table 18: Product model parameters and assumptions for HDOR Equipment Parts

Case Study: HDOR Equipment Parts
Product Model Assumptions
Avg.
Product
Weight
(kg/ unit)

# of
Components
per
Product19

% Components
Modeled with Cum.
Exp. Distribution
(Hazard)

% Components
Modeled with Weibull
Distribution (Fatigue)

% Components
Modeled with
Step Distribution
(Predetermined)

15,323

108

0.0%

100.0%

0.0%

HDOR Alternator

49

12

33.3%

50.0%

16.7%

HDOR Turbocharger

75

6

50.0%

50.0%

0.0%

HDOR Engine
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2.3.4.2

Simulation Product-Level Program Model

As the nature of the model is stochastic, a MATLAB program developed by Kreiss was used to perform a
Monte Carlo simulation to obtain an estimated new material requirement for the average component, by
material type, during a single VRP service life cycle (UNEP (in press)). In order to determine whether the
component will be reused for additional service lives, the program imports the component-level reusability
and material information to simulate that component over multiple service lives against random generated
probabilities. Utilizing the reusability mechanisms, assigned based on the characteristics of each
component, the probability of reuse for each additional service life is assessed and compared to the
randomly-generated probability to determine whether the component will fail and require replacement.
Kreiss’ MATLAB program flow for component analysis is described further in Figure 23 (UNEP (in
press)).

Figure 23: MATLAB program flow chart

Per Figure 23, once the product BOM data is imported into the model, the user then defines the number of
simulations, or representative products, (n = 1000) that the model will run. Each component (c) is run
through multiple service life cycles (η) until it fails. Component failure is determined for each component
within the BOM through the comparison of a random distribution variable to the reusability mechanism
distribution for each specific component and service life. The model then returns to the next component
and repeats the process. After each of the components have been assessed, the program stores the results
for the product, and moves on to the next simulation.
2.3.4.3

Interpreting Outputs of the Model

The outputs of the program are reflected as an estimation of material that goes to end-of-life through each
consecutive VRP process. The product starts out with the original material composition necessary to
complete a single intended service life. After the initial service life, the product can undergo any one of the
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VRPs. Each VRP has varying levels of failure/reusability within the component analysis. For example, in
the case of remanufacturing, some components may not be reused for an additional service life because
they do not have enough overall value when compared to the larger product, or, because there may be too
much risk of product-level failure if the components are reused. When there is no reuse of the component,
it is assumed that the component will go to end-of-life (EOL) for recycling or into the waste stream. This
approach to the analysis highlights the reusability of components from an original product design
standpoint, and highlights inefficiencies within the different VRPs affecting the reuse of certain
components.
The results of product-level modeling, which include average new material requirements for each case
study product and process, are included in Section 3.
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2.3.5

Methodology for Connecting Process-Level and Economy-Level Models

To standardize the baseline assessment of case study products and production processes, the process-level
methodology has production-unit basis. In other words, the process-level requirements and impacts for a
single case study product unit, by each production process, were determined. The assessment of processlevel unit-production impacts and requirements involved on-site empirical data collection with
collaborating industry members. In cases where certain product-level data was not available, the authors
referred to relevant LCA literature for additional insight and guidance.
The product-unit basis of process-level impact and requirement measurements ensured that these impacts
could be aggregated, based on domestic production and import volumes, to reflect the overarching impacts
and requirements of OEM New and VRP production activities for studied products and economies.
The objective of this assessment was not to conduct a comprehensive LCA for each case study product,
rather, to provide representative data collection and analysis for studied products and sectors to inform and
further the discussion about VRP adoption amongst industry-leaders and policy-makers alike. The
following sections provide an overview of detailed data, parameters and assumptions required for the
process-level model.
2.3.5.1

Process-Level Production Impact & Requirement Factors

For process-related energy requirement and emissions generation, the following information is presented
for the USA, which was utilized as the base-case comparison for estimation across scenario economies.
Impact factors to relate and reflect differing conditions in sample economies are discussed further in Table
26 through Table 29.
2.3.5.1.1

Process-Level Environmental Impacts

Process energy requirement (MJ/unit) is based upon the at-the-meter (gate-to-gate) production processcycle energy requirement (MJ/unit), by product, empirically collected for USA production activities. Within
the mathematical modeling presented in subsequent sections process energy represented as φ. Empirically
collected observations and data reflect that the vast majority of energy used in the production processes for
case study products is electric in nature, as presented in the following sections. For the purposes of this
assessment, process energy is assumed to be in the form of electricity. Thus, at-the-meter process energy
values are then multiplied by the electricity infrastructure efficiency factor for each economy to determine
an estimated total process energy requirement. This approach also informs the calculation of process-related
emissions.

79

Process emissions impact (kgCO2-eq./unit) were calculated by multiplying process energy requirement
(MJ/unit) by the economy-specific GWP 100a factor (kgCO2-eq./ MJ) for medium-voltage market group
electricity. Within the mathematical modeling presented in subsequent sections process emissions is
represented as ϐ. These data were derived from the Ecoinvent 3.3 database, which utilized the IPCC 2013
methodology and reflect the conservative estimate where variance and/or a range of data points were
present. The process-level (gate-to-gate) energy and emission impacts for case study industrial digital
printers, vehicle parts, and HDOR equipment parts are reflected in Table 19, Table 20, and Table 21
respectively.
The data shown below reflect assumptions and impacts for the USA only. Economy-specific conditions
affecting process energy requirement are discussed in the following sections, and the electricity
infrastructure efficiency factors for each sample economy are presented in Table 26. Economy-specific
conditions affecting process emissions are discussed in the following sections, and associated emissions
factors for sample economies are presented in Table 27.
Table 19: Per-unit process energy and emissions assumptions for case study industrial digital printers

Production
Printer

Printing Press
#1

Printing Press
#2

22
23

Process
Energy
Requirement
(φ) (MJ/Unit)

GWP 100a
Emissions
Factor
(USA)23

Process
Emissions (ϐ)
(kgCO2eq./Unit)

At-the-Meter
Process Energy
(MJ/Unit)

Electricity
Infrastructure
Efficiency
Factor (USA)22

OEM New

3,224.2

2.537

8,179.6

0.183

589.7

Reman

1,388.1

2.537

3,521.6

0.183

253.9

Refurb

502.6

2.537

1,275.2

0.183

91.9

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

0.0

2.537

0.0

0.183

0.0

OEM New

95,375.1

2.537

241,464.3

0.183

17,443.0

Reman

39,622.5

2.537

100,521.4

0.183

7,246.5

Refurb

29,707.2

2.537

75,366.4

0.183

5,433.1

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

0.0

2.537

0.0

0.183

0.0

OEM New

39,395.8

2.537

99,946.2

0.183

7,205.1

Reman

14,309.5

2.537

36,302.9

0.183

2,617.1

Refurb

5,852.7

2.537

14,848.1

0.183

1,070.4

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

0.0

2.537

0.0

0.183

0.0

For clarification on electricity infrastructure efficiency factor determination, please refer to Table 26.
For clarification on GWP 100a emissions factor determination, please refer to Table 27.
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Table 20: Per-unit process energy and emissions assumptions for case study vehicle parts 24

Vehicle
Engine27

Vehicle
Alternator28

Vehicle Starter29

Process
Energy
Requirement
(φ) (MJ/Unit)

Process
Emissions (ϐ)
(kgCO2eq./Unit)

At-the-Meter
Process Energy
(MJ/Unit)

Electricity
Infrastructure
Efficiency
Factor (USA)25

OEM New

4,374.0

2.537

11,096.7

0.183

800.0

Reman

1,530.0

2.537

3,881.6

0.183

279.8

Refurb

-

2.537

-

-

-

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

0.0

2.537

0.0

2.370

0.0

OEM New

261.0

2.537

662.2

0.183

47.7

Reman

34.9

2.537

88.5

0.183

6.4

Refurb

-

2.537

-

-

-

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

0.0

2.537

0.0

0.183

0.0

OEM New

196.1

2.537

497.4

0.183

35.9

Reman

26.2

2.537

66.5

0.183

4.8

Refurb

-

2.537

-

-

-

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

0.0

2.537

0.0

0.183

0.0

24

GWP 100a
Emissions
Factor
(USA)26

Per Industry Experts, it is assumed that there is no refurbishment performed on case study vehicle parts products.
For clarification on electricity infrastructure efficiency factor determination, please refer to Table 26.
26
For clarification on GWP 100a emissions factor determination, please refer to Table 27.
27
Case study results for vehicle engines was supported by, and/or informed by max. replacement scenario findings by
Smith and Keoleian (2004).
28
Case study results for vehicle alternators was supported by, and/or informed by findings by Kim, Raichur and
Skleros (2008).
29
Case study results for vehicle starters were informed by findings for the vehicle alternator, by Kim, Raichur and
Skleros (2008). These results were evaluated empirically and adjusted if/where necessary to reflect vehicle starter
conditions.
25
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Table 21: Per-unit process energy and emissions assumptions for case study HDOR equipment parts30

HDOR Engine

HDOR
Alternator

HDOR
Turbocharger

2.3.5.1.2

Process
Energy
Requirement
(φ) (MJ/Unit)

GWP 100a
Emissions
Factor
(USA)32

Process
Emissions (ϐ)
(kgCO2eq./Unit)

At-the-Meter
Process Energy
(MJ/Unit)

Electricity
Infrastructure
Efficiency
Factor (USA)31

OEM New

475,077.8

2.537

1,205,261.2

0.183

86,886.5

Reman

166,179.5

2.537

421,593.4

0.183

30,392.4

Refurb

124,634.6

2.537

316,195.1

0.183

22,794.3

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

-

2.537

-

-

-

OEM New

2,269.6

2.537

5,758.0

0.183

415.1

Reman

303.5

2.537

769.8

0.183

55.5

Refurb

-

2.537

-

-

-

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

-

2.537

-

-

-

OEM New

3,460.9

2.537

8,780.2

0.183

633.0

Reman

462.7

2.537

1,173.9

0.183

84.6

Refurb

-

2.537

-

-

-

Repair

0.0

2.537

0.0

0.183

0.0

Arranging DR

-

2.537

-

-

-

Process-Level Select Economic Impacts

Assessment of select economic impacts of OEM New and VRP production activities were also central to
the process-level methodology and assessment. Specifically, the economic impacts of interest included
production waste generation (implied cost to facility, and reflection of inefficiency), labor requirement (fulltime laborer/ unit), and the average cost, relative to an OEM New version of the product, to the buyer/user
of the case study product (% $ USD relative to OEM New / unit). The select economic impacts for case
study industrial digital printers, vehicle parts, and HDOR equipment parts are presented in Table 22, Table
23, and Table 24, respectively.
Within the mathematical modeling presented in subsequent sections non-recyclable production waste,
recyclable production waste, labor requirement, and average cost relative to OEM New are represented by
30

Per industry experts, it is assumed that there is no arranging direct reuse for case study HDOR equipment parts
products; there is also no refurbishment of HDOR alternators and HDOR turbochargers.
31
For clarification on electricity infrastructure efficiency factor determination, please refer to Table 26.
32
For clarification on GWP 100a emissions factor determination, please refer to Table 27.
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πN, πR, ν, and ψ respectively. Please note that the data shown below reflects assumptions and impacts for
the USA only.
Recyclable and non-recyclable production waste factors are derived from estimates by industry experts.
Production waste factors for VRP processes reflect only waste generated by the removal of failed
components (if applicable), plus the addition of replacement new components/materials which are specific
to that product and process. These material-based requirement values are derived from the outputs of the
product-level model described previously. These are divided into recyclable and non-recyclable categories,
for each material-type, at the component level accorded by case study product BOM data.
Labor requirement estimates are based on actual labor hours required to produce a single unit of each case
study product, per interviews with industry collaborators. These values are reflected in terms of full-time
equivalency, which assumes 40-hours/week, 50-weeks/year, or the productivity of a single laborer in the
production of a single case study product unit.
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Table 22: Select economic assumptions for case study industrial digital printers
Production Waste
(Non-Recyclable)
(πN)
(% product
weight/Unit)

Production
Printer

Printing Press
#1

Printing Press
#2

Production Waste
(Recyclable) (πR)
(% product
weight/Unit)

Labor Requirement
(ν) (Full-Time
Laborer/Unit)

Avg. Cost to
Buyer/User (ψ)
(% $USD of OEM
New/ Unit)

OEM New

3.000%

7.000%

0.0069

100.0%

Reman

0.027%

0.063%

0.0109

81.6%

Refurb

0.024%

0.056%

0.0035

34.7%

Repair

0.003%

0.007%

0.0020

10.0%

Arranging DR

0.000%

0.000%

0.0000

20.0%

OEM New

3.000%

7.000%

0.1220

100.0%

Reman

0.159%

0.371%

0.1845

81.6%

Refurb

0.150%

0.350%

0.1350

56.3%

Repair

0.036%

0.084%

0.0083

5.0%

Arranging DR

0.000%

0.000%

0.0000

20.0%

OEM New

3.000%

7.000%

0.0683

100.0%

Reman

0.291%

0.679%

0.1033

26.3%

Refurb

0.087%

0.203%

0.0756

11.6%

Repair

0.036%

0.084%

0.0047

5.0%

Arranging DR

0.000%

0.000%

0.0000

20.0%
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Table 23: Select economic assumptions and impacts for case study vehicle parts24
Production Waste
(Non-Recyclable)
(πN)
(% product
weight/Unit)

Vehicle Engine

Vehicle
Alternator

Vehicle Starter

Production Waste
(Recyclable) (πR)
(% product
weight/Unit)

Labor Requirement
(ν) (Full-Time
Laborer/Unit)

Avg. Cost to
Buyer/User (ψ)
(% $USD of OEM
New/ Unit)

OEM New

1.500%

13.500%

0.00002934

100.0%

Reman

0.150%

1.350%

0.00006425

85.6%

Refurb

-

-

-

-

Repair

0.001%

0.009%

0.00000855

20.0%

Arranging DR

0.000%

0.000%

0.00000000

50.0%

OEM New

1.000%

9.000%

0.00000118

100.0%

Reman

0.075%

0.675%

0.00000258

62.8%

Refurb

-

-

-

-

Repair

0.022%

0.198%

0.00000034

20.0%

Arranging DR

0.000%

0.000%

0.00000000

50.0%

OEM New

1.000%

9.000%

0.00000089

100.0%

Reman

0.058%

0.522%

0.00000194

81.7%

Refurb

-

-

-

-

Repair

0.058%

0.522%

0.00000089

20.0%

Arranging DR

0.000%

0.000%

0.00000000

50.0%
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Table 24: Select economic assumptions and impacts for Case Study HDOR Equipment Parts 30
Production Waste
(Non-Recyclable)
(πN)
(% product
weight/Unit)

HDOR Engine

HDOR
Alternator

HDOR
Turbocharger

Production Waste
(Recyclable) (πR)
(% product
weight/Unit)

Labor Requirement
(ν) (Full-Time
Laborer/Unit)

Avg. Cost to
Buyer/User (ψ)
(% $USD of OEM
New/ Unit)

OEM New

1.500%

13.500%

0.07900

100.0%

Reman

0.096%

0.864%

0.17300

76.9%

Refurb

0.286%

2.574%

0.02548

54.5%

Repair

0.098%

0.882%

0.00304

5.0%

Arranging DR

-

-

-

-

OEM New

1.000%

9.000%

0.00025

100.0%

Reman

0.040%

0.360%

0.00056

57.6%

Refurb

-

-

-

-

Repair

0.030%

0.270%

0.00001

5.0%

Arranging DR

-

-

-

-

OEM New

1.000%

9.000%

0.00039

100.0%

Reman

0.060%

0.540%

0.00085

33.9%

Refurb

-

-

-

-

Repair

0.010%

0.090%

0.00001

5.0%

Arranging DR

-

-

-

-
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2.4 Top-Down Modeling: Macro-Data and Economy-Level Analysis
The dynamics of a system model that represents an entire economy are complex and have been reasonably
simplified to allow for generalization within this model. While the calculation of product-level stocks and
flows is largely linear, there are calls in the literature highlighting the importance of accounting for some
of the key factors that influence and affect consumer behavior upon the growth and transformation of
product markets. (Mylan 2015, c.f.Peres, Muller, and Mahajan 2010, Subramanian and Subramanyam 2012,
Weitzel, Wendt, and Westarp 2000, York and Paulos 1999).
In this case, all model simulation begins with the product market: The total quantity and representative
shares of a product, by each production process type, including OEM New, arranging direct reuse, repair,
refurbishment or comprehensive refurbishment, and remanufacturing. Because the objective is to simulate
the influence of different conditions (often barriers) upon the various product stocks and flows within a
market, all markets are assumed to start with a stock/quantity, or installed base for the specific case study
product, that reflects the actual size of the reference economy. The conditions of each economy affect how
that installed base is shared by OEMs (New) and VRP producers, as well as how those market shares are
expected to evolve over a period of time.
A simplified descriptive representation of the top-down model is presented in Figure 24, below. To reflect
growth, market evolution, and compounding complexity in a realistic and meaningful way, these scenario
projections are simulated over a seven-year period. This simulation period does not reflect a suggested or
optimal circular economy transformation timeline, as such a comprehensive transformation must be
grounded in the actual conditions of each individual economy, and must reflect the priorities of each
individual initiative, some of which may require significantly more (less) time to accomplish.
Based on expected demand, OEM New and VRP versions of a product are supplied either by domestic
producers, or via imports (Top-center and top-left of Figure 24). Domestic producers rely on a variety of
inputs to production, including recycled and virgin materials, as well as domestically- or imported-reuse
inputs (cores). In addition to the finished product, other production outputs may include materials directed
into a recycling market, or materials that are disposed into the environment. (Bottom-center and bottomleft of Figure 24) As described previously, repair activities can take place within the service life of a product
and return the product to its original owner. The repair process may require virgin and/or recycled material
inputs (via parts replaced), and results in product waste materials that may be directed into recycling
markets or disposed into the environment. (Top-center of Figure 24) Alternately, EOU/EOL products may
fall-out of the in-use product stock (market) becoming available for collection and diversion. (Top-right of
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Figure 24) These products may be diverted into a secondary market for VRPs, into a recycling market, or
disposed into the environment. (Bottom-right of Figure 24)

Figure 24: Descriptive economic system model utilized for top-down analysis

Please note that the arrows within the diagram, reflect presence and directionality of system factors and
flows only, and do not suggest the magnitude in any way. For example, materials directed into the recycling
market may later be used in production, however these flows are not quantified by the model.
An overview of the comprehensive analytical model that was developed for the economy-level assessment
is provided in Figure 25. As depicted, modeling calculations started with the installed base (stock) of the
product in the market (top-left orange box) and the estimated market share of product by OEM New and
VRP process (top-center blue box). From these starting points, other values within the model were derived;
As impacts of production were assessed on a per-unit basis, the aggregated economy-level results presented
in Section 2.4.5 are largely based on the Total Finished Domestic Production (center green box), Imports
from Developed and Developing Economies (center green boxes), and Production Levels of Repair (centerright green box).
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Figure 25: Overview of comprehenive analytical systems-model mechanics for economy-level assessment

2.4.1 Demand and Market Share Modeling
In the absence of comprehensive micro-data for each economy, a simplified approach was used to model
the evolution of market share for each product, by OEM New and VRP production. Projected market
demand for each case study product based was on two key parameters. First, demand was partially estimated
using the expected implicit growth of the market, based on the historic (2010 – 2015) five-year compound
annual growth rate (CAGR) performance of the product category, for each respective economy. Second,
the evolving market share of each product, by process type, was an important consideration that enabled
the reflection of two different types of demand: new demand, which originates from customers that
previously had not participated in the product market; and replacement demand, which originates from the
fall-out of an EOU OEM New or VRP product from the market, for which the customer now requires a
replacement. This approach enabled the reflection of differentiated value-retention enabled by each VRP.
The model assumes that the total ‘installed base’ or ‘in-stock’ market for the case study product can be
divided into relevant ‘market shares’ that reflect each of the available production processes: OEM New,
arranging direct reuse, repair, refurbishment or comprehensive refurbishment, and remanufacturing. In
most economies, the practices of traditional OEM New production and repair are commonly accepted and
89

understood: as such, it is assumed that the market share percentage for repair is constant. In contrast, the
dynamic nature of the model ensures that an increase in demand for VRP products will offset the equivalent
demand for OEM New. In other words, and especially in the case of new demand, it is assumed that any
new demand not satisfied by a VRP product will instead be satisfied by an OEM New product, and as such
the quantity of OEM New product demanded is determined via net-subtraction of VRP demand from total
case study product demand.
It is important to note that the model accounts for repair activities differently than other OEM New and
VRP activities. OEM New, arranged direct reuse, refurbished and comprehensively-refurbished, and
remanufactured products require a complex supply chain with extensive infrastructure and stakeholders; in
contrast, repaired products follow a more simplistic flow (Please refer to Figure 24). It is assumed that the
repair process only temporarily removes a product from the economy and that the repaired product is
returned to its original owner once the repair process is completed. As such, demand for, and associated
requirements of the repair process are modeled separate from demand for the other VRP products that enter
the economy via a more complex supply chain. The model assumes that once the repair cycle has been
completed, the product will fail and be removed from the in-use product stock, to be replaced in the next
cycle.
In this economy-level model, the influence of network effect is reflected in a simplified manner: as the
number of VRP products in that market increases, it becomes relatively more significant within the
mathematical function, and can demonstrate some degree of ‘acceleration’. In other words, the larger the
size of the starting market, the larger the relative market share, and the more significant the absolute impact
of the growth rate upon actual product volume. While there are many more complex and comprehensive
ways to model the diffusion of innovation, this approach enables a generalized, but realistic reflection of
market transformation projections (See Section 2.4.5)
Within each single-year period of the seven-year simulation, demand is estimated based on real product
sector growth projections and market-level conditions. Data from the previous period (year) informs
calculations for the next period (e.g. products that reach EOU and fall-out in period 1, are replacement
demand in period 2), and the implications of these dynamics are compounded to demonstrate the evolution
of each product economy over the total seven-year simulation period.
This form of market share modeling ensures that the sum of all shares does not exceed 100%, and
accomplishes the need to balance the impact of increasing (decreasing) demand for OEM New or VRP, as
competing production process options become relatively less (more) attractive in the economy. (Sterman
2000) The model assumes constant parameter values over time, with the exception of the size of the installed
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base, or in-use stock of the product, which is determined endogenously by the model, as a function of the
starting in-use product stock in the economy, plus the addition of new product (demand), minus those
products that fall-out of the economy due to failure or reaching end-of-use (EOU). Products that fall-out of
the in-use product stock of the economy are directed to VRPs (EOU), or to recycling or disposal (EOL).

2.4.2 Modeling the Supply Chain
All market size and demand estimates within the model reflect conditions of each actual economy,
determined through economic reports and market research data sets. In the interests of accounting for
consumption behaviors, the model thus also accounts for the extent to which demand is supplied by
domestic production, or by imports. A primary implication of imports is that, while they enable the
satisfaction of domestic demand, they also result in the allocation of both impacts and benefits (as measured
in this assessment) to the producing economy, or economy of origin. In other words, increased uptake of
VRP products in an economy only accomplishes domestic impact reduction if at least some of those VRP
products are produced domestically. From a global perspective, it is important to note that increased
adoption of VRP products, regardless of origin, can contribute to overall impact reduction, however this
may not contribute to the accomplishment of domestic objectives, such as carbon emissions reduction.
Assumptions regarding the split between domestic production and import are determined exogenous to the
model, based upon current trade balance conditions for each economy. Import and export rates are held
constant over the modeling period and are incorporated to reflect the inherent trade-related policies that
would enable or hinder import of cores and finished VRP products to supply domestic demand and enable
or hinder export of cores and finished VRP products as a mechanism for increased domestic production
capacity. It is assumed that domestic supply accounts for the remaining balance of demand (1 – Import
Rate), that there is no stockpiling in the economy, and that there is no trade of arranged direct reuse or
repaired products.

2.4.3 Modeling Production and Production Impacts
Through the derivation of total domestic production levels, the model approximates production
requirements (inputs), as well as the generation of by-product materials that are either directed into a
recycling stream or disposed of into the environment. Although the OEM New and VRP production
activities can differ significantly, the model simplifies production inputs into three categories: new material
inputs (inclusive of average recycled content), imported core inputs, and domestically-sourced core inputs.
The relative shares (% of a single unit) of each of these inputs should vary by product and production
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process, as well as the economy in which the activity is occurring. As one of the primary objectives of this
assessment is to quantify the relative impacts of different production processes under different market
conditions, this generalization is necessary and sufficient.
To understand the aggregate implications of cumulative economic production, a mass-balance approach is
utilized. Given that inputs are presented as shares of the finished product, a constraint within the model
requires that the sum of all production input materials (%) is equal to 1. All material input share parameters
are exogenous to the model and were derived from the component-level and product-level analyses
described previously in Section 2.3.
Similarly, specific environmental and economic impact metrics are calculated using impact factors that
were determined per unit for each different production process. These impact metrics contribute to greater
understanding of relative environmental impacts (positive and negative) across OEM New and VRP
production activities. As described previously, the impact factors of interest to this study include: new
material offset, production waste generation, embodied material energy, embodied material emissions,
process energy requirement, process emissions generation, cost advantage, and employment opportunity.

2.4.4 Modeling End-of-Use & Collection
The premise of circular economy is the cycling of materials (technical and biological) through a system to
retain value and mitigate loss. As such, modeling the management of products and materials once they
reach the end-of-use (EOU) stage is an essential aspect of a circular system model. In this case, the model
once again starts with the actual installed base of the case study product, by process type, and applies a
discard or fall-out rate to estimate how many of that particular product (via process type) will reach the
EOU stage in that period. The fall-out rate and quantity of product reaching EOU is estimated as a fraction
of the installed base, in accordance with the methodology of Elshkaki and Graedel (2013). In this case, the
fall-out rate, reflected as 1/L in which L is the expected lifetime of the product, is multiplied by the total
size of the installed base of the market for each product and process type.
It is important to note that EOU may refer to a point at which the product can no longer be used due to
performance degradation, or that the current owner no longer wishes to retain the product for a variety of
reasons.
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When the product becomes ‘available for collection’ the model assumes that it leaves the economic market
(no EOU product stockpiling33 or storage) and will enter one of three possible flows: 1) routing to secondary
market for reuse via a VRP application; 2) routing to recycling market; or 3) disposal to the environment.
The route the product will take is based on collection probabilities which are estimated as a function of
product- and economy-level factors that are reflective of, but are not limited to: ease of collection, state of
collection and collection infrastructure, cost of collection and diversion in the market, presence of
supporting diversion regulations, social norms and attitudes towards diversion, presence of related return
incentives (e.g. core deposit), and other barriers to diversion such as the prohibition of reuse. The model
utilizes collection probabilities and a mass-balance approach to determine the quantities of EOU products
that follow different flows. For simplicity, it is assumed that there is no loss that is not ‘captured’ within
the model: the ‘disposal to environment’ flow reflects those products that are deliberately directed into the
garbage stream, as well as those that are ‘lost’ to the system because they do not enter either the secondary
market or the recycling market. It is also important to note that there is a necessary quality discount that is
applied to EOU products directed into the secondary market. This discount reflects the common condition
that some recovered products do not meet the necessary quality standards for VRPs, with the low-quality
differential being routed into the waste stream instead.

2.4.5 Economy-Level Methodology & Model
2.4.5.1

Modeling Framework

To reflect the range of conditions that exist in economies around the world, four representative sample
economies — Brazil, China, Germany and the USA — were identified, each with differing conditions and
barriers that affect the adoption and growth of VRPs. Primary barrier categories focus on challenges in
regulatory policy, technological capability, market conditions, and collection system (reverse logistics)
infrastructure.

33

Stockpiling refers to the accumulation of goods or materials, potentially for intended future use. Although
stockpiling is a common practice, it was not possible to adequately reflect the diverse range of stockpiling practices
and implications within this assessment.
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Modified from (UNEP IRP Beijing Workshop and Nasr 2016, UNEP IRP Berlin Workshop and Nasr 2016)

Figure 26: Spectrum of barrier-conditions and barrier-alleviation scenarios

The overarching approach to modeling and accounting for different systemic barriers to VRPs is described
in Figure 26, which reflects the range from no barriers to VRPs (green), increasingly through to many
barriers to VRPs (red). For the purposes of this assessment, each representative economy was then
considered in terms of the policy, technological, and economic literature surrounding its industrial systems,
and rated on a spectrum of barrier presence and severity. Considered in conjunction with the product-level
impacts discussed in Section 3.1, these baseline economic models provide the socioeconomic contexts in
which the impacts of barrier alleviation on VRP performance and adoption potential were projected.
The potential for arranging direct reuse, repair, refurbishing and remanufacturing is dependent largely on
product type and design, material composition, and the presence of appropriate technical knowledge and
infrastructure to support these activities. As such, the potential material efficiency, or ‘reusable share’ of a
single unit of the product is unlikely to change across markets; and as such, these per-unit material
efficiency values are held constant across the market economies represented in this report. What may
change from one economy to another relates to technical production efficiency: the magnitude of production
waste and associated requirement for new material inputs; the labor required to complete the process for a
single unit; the associated energy requirement of the production process, reflective of the efficiency of
infrastructure in that economy; and the emissions associated with that energy consumption. These factors
are presented in greater detail in Section 2.4.5.5.
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2.4.5.2

Barrier Alleviation Scenarios

As with any form of innovation, a significant determinant of success in VRP adoption is the degree to which
the barriers precluding the growth of these process innovations (VRPs) are alleviated. To predict how the
circular economy might be enabled, considering the myriad interactions of inhibiting factors, baseline
economic models were combined with product-level VRP models to subsequently project the evolution of
the industrial economy over a seven-year period under three different scenarios for barrier alleviation (See
Figure 27). These scenarios are modeled as follows:
•

Status Quo for VRP Products: Industrial economies in all representative markets continue
to grow and adopt VRPs at their current rate, with all inhibiting factors held constant,
ultimately maintaining current rate of economic and environmental performance.

•

Standard Open Market for VRP Products: Each representative economy is forecasted to
grow under regulatory, trade, economic, and technological conditions that are equivalent to
those of the Status Quo United States assessment.34 Moderate existing barrier intensity is met
with similarly moderate interventions toward alleviation.

•

Theoretical High for VRP Products: Barrier alleviation is projected as a priority in all
representative markets, reflecting widespread acceptance of and investment in a transition to
the circular economy. Research and development of technologies, business models, and policy
initiatives to support VRPs proceed at an increased rate and intensity relative to the
contemporary U.S. baseline case, and the share of production activity across each VRP is set
to reflect the Theoretical High U.S. production share. This scenario is deliberately set to
establish an extreme, positive, scenario for VRPs.

It is important to note that the use of a seven-year simulation period does not suggest that this is a sufficient
or optimal transformation period for industrialized or non-industrialized economies. The transformation to
circular economy is complex and requires comprehensive and integrated engagement of government,
industry, and value-chain stakeholders, and as such expectations of the transformation timeline must be
firmly grounded in the individual conditions and priorities of every respective economy.

34

The use of the USA example as Standard Open Market is not a reflection on the reputation and performance of other
progressive countries, but rather a necessary condition for the some of the required modeling. This decision was due
to the Industrial Digital Production Printer case study sector, which is affected by Basel Convention rules that constrain
(if not volume, then the ease of) the exchange of these units for use in VRPs at the international level. While not a
commentary on the value of the Basel Convention, the absence of similar constraints made the USA the leastconstrained sample economy within the study.
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These scenarios reflect the range of market evolution possibilities that may result from different levels of
conceptual acceptance of and investment in the circular economy concept, as both the industry and the
demands upon it continue to grow. The results of these projections are thus intended to provide insights
into how to address barrier factor interactions in pursuit of greater VRP adoption. As previously mentioned,
to reflect growth, market evolution, and compounding complexity in a realistic and meaningful way, these
scenario projections are simulated over a seven-year period. This duration period was selected because it
ensured that systemic changes could be observed over time, without an unrealistic assumption that there
would be no other significant endogenous changes in an economy.

1
Figure 27: Overview of barrier alleviation scenarios

As with any strategic initiative, there are three critical stages: First, establish a baseline to understand the
reality of the ‘current state’; Second, clearly define the objective or target, so that the vision can be
articulated; and finally, establish an implementation plan with clearly defined steps and milestones that
enable progress from the current state toward the desired future.
In the case of VRPs, the Status Quo and Theoretical High scenarios reflect the first and second stages,
respectively. The Standard Open Market for VRP products scenario offers some insight into potential
implementation plans – via policy decisions and system interventions – that may guide policy makers and
industry decision makers in the development of appropriate strategies for their country’s specific conditions
and needs.
Within each of these barrier alleviation scenarios several system-based factors were determined and
applied: Regulatory Factors, which reflect the presence and relative extent of regulatory-based
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differentiation and/or discrimination against case study products produced via VRPs, which also differ
across case study sectors within each of the represented economies; Market Factors, which reflect relative
customer-based differentiation and/or discrimination against refurbished and remanufactured products
across represented economies; and Technological Factors, which reflect the relative degree of systemic
technological barriers across each of the represented economies. Collection Infrastructure Factors were held
constant in each economy, across each scenario.
2.4.5.3

Regulatory & Access Factors

Regulatory & Access Factors are differentiated by case study sector, as a range of regulatory barriers exist
specific to different sectors, product types and/or materials. For example, the Basel Convention applies to
case study industrial digital printers, thus potentially requiring additional procedural requirements for the
movement of affected repaired, refurbished, and remanufactured industrial digital printers between
Signatory countries (e.g. U.S.A) and countries that are both Signatory and Party (e.g. Germany) 35.
Regulatory Factors are determined quantitatively based on a combination of the OECD’s Trade Facilitation
Indicators36 for each represented economy, and the World Bank’s 2015 Ease of Doing Business Index37.
The OECD Trade Facilitation Indicators were developed to help countries alleviate problematic border
procedures and reduce trade costs and reflect relative ease of trade across OECD countries across a range
of trade factors. The World Bank Ease of Doing Business Index ranks economies, relative to each other, on
the basis and presence of business-friendly regulations: countries are ranked out of a possible 190, with a
score of ‘1’ reflecting the most business-friendly conditions. These metrics were normalized and multiplied
to determine appropriate Regulatory & Access Factors for each represented country, by appropriate case
study sectors. (See Table 34)
2.4.5.3.1

Market Factors

Market Factors within the economy-level model reflect a qualitative average ‘discount’ that might be
applied by customers and businesses to refurbished and remanufactured goods within an economy, and
which therefore constrains demand for these VRP options. This discount references expectations and
perceptions about product quality (e.g. products via VRPs as having lesser quality than that of an OEM
New option), as well as market-based preferences for ‘new’ products as status symbols and indicators of
affluence or prestige. Economies that have had greater exposure to VRPs and options are assumed to

35

A multilateral agreement under Art. 11 of the Basel Convention (OECD Decision C(2001)107/Final) allows for
such movements; however, certain procedural requirements, such as a PIC procedure, apply.
36
OECD. 2015 Trade Facilitation Indicators. http://www.oecd.org/trade/facilitation/indicators.htm
37
World Bank. 2015 Ease of Doing Business Index. http://data.worldbank.org/indicator/IC.BUS.EASE.XQ.
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‘discount’ refurbished and remanufactured products to a relative lesser degree than would be in economies
with little to no exposure to VRPs. In other words, Market Factors are greater for those economies that
currently face the greatest market constraints. The influence of social norms, consumer preferences,
information asymmetry are important considerations within the VRP market, and are discussed in greater
detail in Sections 1.7.1, 1.7.2, and 5.3.2.
2.4.5.3.2

Technological Factors

Technological Factors reflect the relative benchmarking scores from the OECD’s Science, Technology and
Innovation Outlook 2016 report, which reflects the degree to which national-level science, technology and
innovation (STI) policies, instruments, and systems are contributing to growth38. For the represented
economies, relative scores from the STI Outlook 2016 report are aggregated into five categories describing
the current status of the relative STI system. (See Table 33)
2.4.5.3.3

Import Share

Finally, trade conditions, specifically import ratio assumptions were required to simulate Standard Open
Market and Theoretical High scenarios, particularly for economies that currently enforce some degree of
import restrictions against VRPs. For these scenarios the import share for OEM New products for each
economy was held constant; in the Standard Open Market for VRP products scenario, import ratios for
VRPs were set equal to that of the equivalent product for the USA; in the Theoretical High scenario, import
shares were either maintained (Developed/industrialized economies), or set to an assumed 20% share
(Developing/newly industrialized economies). (See Table 35 and Table 36)
2.4.5.4

Economy-Level Model

All model simulation begins with the product market: The total quantity and representative shares of a case
study product, by each production process type, including OEM New, arranging direct reuse, repair,
refurbishment or comprehensive refurbishment, and remanufacturing.
An overview of the comprehensive analytical model that was developed for the economy-level assessment
is provided in Figure 28.

38

OECD. Science, Technology and Innovation Outlook 2016. http://www.oecd.org/sti/oecd-science-technology-andinnovation-outlook-25186167.htm
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Figure 28: Overview of comprehenive analytical systems-model mechanics for economy-level assessment

2.4.5.4.1

Installed Base, Demand, and Available for Collection

In the absence of comprehensive micro-data for each economy, a simplified approach was used to model
the evolution of market share for each product, by OEM New and VRP production. Initial market share, or
production mix percentage (%), was estimated for each product by production process (OEM New and
VRP) based on available data from each sample economy. Using estimated total size of the initial installed
𝑗,𝑘

based (𝐼𝐵𝑡=0 ), a starting volume for each product (j) by production process (i) was determined for each
sample economy (k). In each of the simulation periods (t =7), installed base was adjusted dynamically to
account for products reaching the end of service life and becoming available for collection, and the products
entering the economy as a result of new demand. The following equations provide a high-level description
of the modeling approach reflecting product flow into and out of each sample economy.
Projected market demand for each case study product based was on two key parameters. First, demand was
partially estimated using the expected implicit growth of the market, based on the historic (2010 – 2015)
five-year compound annual growth rate (CAGR) performance of the product category, for each respective
𝑗,𝑘

economy (Refer to Equation 4a) As depicted, expected demand (𝐷𝑡 ) is a function of demand quantity in
the previous period and the expected product segment growth rate (𝑔), which is held constant throughout
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the simulation. As described by Equation 4b, after period t=1, the calculation of demand also includes the
replacement quantity for units that have fallen out of the market in each previous period (See Equation 6),
based on the assumption that the owner/user has a need that must be fulfilled by OEM New or VRP product
option that is separate from the projected sector growth rate. Sub- and superscript notations i, j, k, and t
represent production process, product, economy, and simulation period, respectively. Expected demand is
further disaggregated by production process (i), using a constant parameter for estimated
production/demand mix for OEM New and each VRP (𝜆𝑖,𝑗,𝑘 ), per Equation 5.
𝑗.𝑘

Eq. 4a

𝑗,𝑘

𝐷𝑡= 0,1 = 𝐷𝑡−1 ∗ (1 + 𝑔 𝑗,𝑘 ) ∀ 𝑗, 𝑘
𝑗.𝑘

𝑗,𝑘

Eq. 4b

𝑖,𝑗,𝑘

𝐷𝑡 > 1 = 𝐷𝑡−1 ∗ (1 + 𝑔 𝑗,𝑘 ) + 𝐶𝑡−1 ∀ 𝑗, 𝑘

𝑖,𝑗.𝑘

𝐷𝑡

𝑗,𝑘

= (𝐷𝑡

Eq. 5

∗ 𝜆𝑖,𝑗,𝑘 ) ∀ 𝑖, 𝑗, 𝑘
𝑗,𝑘

The products that become available for collection each period (𝐶𝑡 ), as a result of reaching expected end
of service life or experiencing failure, are estimated using Equation 6. The fall-out rate (𝐹 𝑖,𝑗 ) and quantity
of products becoming available for collection each period is estimated as a fraction of the installed base
𝑖,𝑗,𝑘

(𝐼𝐵𝑡

) during the previous period, in accordance with the methodology of Graedel and Elshaki (2013). In

this case, the fall-out rate, reflected as 1/η in which η is the expected service life of the product given its
production process (OEM New vs. VRP), is multiplied by the total size of the installed base of the market
for each product and process type. It is important to note that EOU may refer to a point at which the product
can no longer be used due to performance degradation, or that the current owner no longer wishes to retain
the product for a variety of reasons.
𝑖,𝑗,𝑘

𝐶𝑡

Eq. 6

𝑖,𝑗,𝑘

= (𝐼𝐵𝑡−1 ∗ 𝐹 𝑖,𝑗 ) ∀ 𝑖, 𝑗, 𝑘

As introduced briefly, the installed base quantity of each product (j), by each production process (i), in the
sample economy (k), reflects a simple function of the flows into and out of the economy: the installed base
quantity from the previous period, plus new product introduced through demand, less products that fall-out
of the market and become available for collection at the end of their service life (Refer to Equation 7).
𝑖,𝑗,𝑘

𝐼𝐵𝑡

𝑖,𝑗,𝑘

𝑖,𝑗,𝑘

Eq. 7

𝑖,𝑗,𝑘

= (𝐼𝐵𝑡−1 + 𝐷𝑡−1 − 𝐶𝑡−1 ) ∀ 𝑖, 𝑗, 𝑘
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To accommodate the simulation of different VRP barrier conditions within the model via VRP barrier
scenarios, the calculation of estimated installed base (per Equation 7) was further enhanced to incorporate
the effect of economy-level regulatory and access factors (𝑅𝐹 𝑗,𝑘 ), technological factors (𝑇𝐹 𝑘 ), and market
factors (𝑀𝐹 𝑖,𝑘 ), as shown in Equation 8. Please note that Equation 8 is only used in the first simulation
period (t=1) to establish the demand conditions that are then incorporated into subsequent simulations (T
= 7). It is also important to note that these VRP barrier factors are assumed to only be relevant for VRP
processes of refurbishment and remanufacturing and are held constant over time. Although these
assumptions may not reflect absolute conditions across varied economies and social norms, for the purposes
of simplification this assumption was necessary and justifiable at the high-level. As repair is a wellestablished VRP practice across all economies, research and interviews with industry experts suggest that
there are few-to-no VRP barriers which, if alleviated, would increase the number of product repairs being
demanded in an economy during a given period. Similarly, with arranging direct reuse, per research and
industry experts, there are few-to-no VRP barriers which, if alleviated, would increase the number of
products demanded for arranged direct reuse in an economy during a given period. A discussion of the
VRP barrier factors is included in more detail in Section 1.7.
𝑖,𝑗,𝑘

𝐼𝐵𝑡

𝑖,𝑗,𝑘

𝑖,𝑗,𝑘

Eq. 8

𝑖,𝑗,𝑘

= (𝐼𝐵𝑡−1 + (𝐷𝑡−1 ∗ (1 + (𝑅𝐹 𝑗,𝑘 + 𝑇𝐹 𝑘 + 𝑀𝐹 𝑖,𝑘 ) − 3) − 𝐶𝑡−1 ) ∀ 𝑖, 𝑗, 𝑘

As shown in Equation 8, regulatory factors reflect conditions specific to the product (j) and the sample
economy (k); technological factors reflect conditions specific to the sample economy (k); and market
factors reflect conditions specific to the production process (i = refurbished or remanufactured only) and
the sample economy (k). As further described in Section 2.4.5.6, and as set out in Table 31 and Table 32,
these factors are normalized and set to equal 1 (𝑅𝐹 𝑗,𝑘 = 1; 𝑇𝐹 𝑘 = 1; 𝑀𝐹 𝑖,𝑘 = 1) in the Status Quo scenario.
For subsequent Standard Open Market, and Theoretical High scenarios, these factors are modified
accordingly to reflect the changing scenario conditions (Please refer to Section 2.4.5.6).
𝑖,𝑗,𝑘

The model accounts for the extent to which demand is supplied by domestic production (𝑋𝑡
𝑖,𝑗,𝑘

imports (𝐼𝑡

), or by

), per Equations 9 and 10, respectively. A primary implication of imports is that, while they

enable the satisfaction of domestic demand, they also result in the allocation of both impacts and benefits
to the economy of origin. In other words, increased uptake of VRP products in an economy only
accomplishes impact reduction and/or economic opportunity if at least some of those VRP products are
produced domestically. Assumptions regarding the split between domestic production and import are
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determined exogenous to the model, based upon current trade balance conditions for each economy39.
Import and export rates are held constant over the modeling period and are incorporated to reflect the
inherent trade-related policies that would enable or hinder import of cores and finished VRP products to
supply domestic demand, and that enable or hinder export of cores and finished VRP products as a
mechanism for increased domestic production capacity.
The incorporation of import share of demand (𝐼𝑃𝑖,𝑗,𝑘 ) enables the simulation of changing access conditions
within sample economies under the Standard Open Market and Theoretical High VRP barrier alleviation
scenarios. This is discussed further in the following sections and import share values can be found in Table
35 and Table 36. It is assumed that domestic supply accounts for the remaining balance of demand ( 1 −
𝐼𝑃𝑖,𝑗,𝑘 ), that there is no stockpiling in the economy, and that there is no trade of arranging direct reuse or
repaired products.
𝑖,𝑗.𝑘

𝑋𝑡

𝑖,𝑗.𝑘

𝐼𝑡

𝑖,𝑗,𝑘

∗ (1 − 𝐼𝑃𝑖,𝑗,𝑘 ) ∀ 𝑖 , 𝑗, 𝑘

𝑖,𝑗,𝑘

∗ 𝐼𝑃𝑖,𝑗,𝑘 ) ∀ 𝑖, 𝑗, 𝑘

= 𝐷𝑡

= (𝐷𝑡

Eq. 9

Eq. 10

Finally, the import share of demand is further split within the model to account for the share (quantity) of
imports coming from developing/non-industrialized/newly industrialized economies (𝐼𝑃𝑎𝑖,𝑗,𝑘 ), and the
share (quantity) of imports coming from developed/industrialized economies (𝐼𝑃𝑏 𝑖,𝑗,𝑘 ). This is
accomplished by incorporating estimated import share (%) by origin, per Equations 11 and 12.39 Import
share values can be found in Table 35 and Table 36.
𝑖,𝑗,𝑘

∗ 𝐼𝑃𝑎𝑖,𝑗,𝑘 ) ∀ 𝑖, 𝑗, 𝑘

Eq. 11

𝑖,𝑗,𝑘

∗ 𝐼𝑃𝑏 𝑖,𝑗,𝑘 ) ∀ 𝑖, 𝑗, 𝑘

Eq. 12

𝑖,𝑗.𝑘

= (𝐼𝑡

𝑖,𝑗.𝑘

= (𝐼𝑡

𝐼𝑎𝑡

𝐼𝑏𝑡

39

Import and export data was sourced from the Observatory of Economic Complexity for the base year 2015 for Brazil
(2015a), China (2015b), Germany (2015c), and the USA (2015d).
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2.4.5.4.2

Aggregating Impacts of Consumption

The cumulative environmental and economic impacts of consumption reflect the aggregate impact of
domestic production and the consumption of imports. As all impact factors were normalized to reflect a
per-product basis, the aggregation of impacts is estimated using a linear function based on the total quantity
of products. As mentioned previously, environmental and economic impact factors are discussed and
described in greater detail in the following sections.
The primary aggregated environmental and economic impacts of consumption, accounting for OEM New
and VRP production and consumption mix for each sample economy, are outlined in Equation 13 through
Equation 18. A brief summary of nomenclature used in the aggregation of impact formulas is also provided
in Table 25. For simulated aggregation the model assumes seven economy-level model simulation periods
(T = 7).
Table 25: Summary of Nomenclature for Aggregated Impact Formulas
Notation

Description

t

Model simulation period, 1:7 (Set = T)

k

Sample economy, Brazil, China, Germany, and USA (Set = K)

j

Case study product (3 industrial digital printers; 3 vehicle parts; 3 HDOR equipment parts)

i

Production process: OEM New, arranging direct reuse, repair, refurbishment and remanufacturing

X

Domestic production quantity of product (j) via process (i) in economy (k)

I

Import quantity of product (j) via process (i) by economy (k)

Ia

Import quantity from developing/newly industrialized origins of product (j) via process (i) by economy (k)

Ib

Import quantity from developed/ industrialized origins of product (j) via process (i) by economy (k)

τ

Embodied energy per unit (product (j) via process (i) in economy (k)), global average in MJ/unit

ω

Embodied emissions per unit (product (j) via process (i) in economy (k)), global average in kg. CO s-eq./unit

φ

Process energy/unit (product (j) via process (i) in economy (k)), in MJ/unit

φa

Process energy/unit (product (j) via process (i)) produced in developing/newly industrialized economies, in MJ/unit

φb

Process energy/unit (product (j) via process (i)) produced in developed/industrialized economies, in MJ/unit

PEF

Process Energy Factor enabling across-economy assessment (Please see Section 2.4.5.5)

ϐ

Process emissions/unit (product (j) via process (i) in economy (k)), in kgCO 2-eq./unit

ϐa

Process emissions/unit (product (j) via process (i)) from developing/newly industrialized economies, in kgCO2-eq./unit

ϐb

Process emissions/unit (product (j) via process (i)) from developed/industrialized economies, in kgCO 2-eq./unit
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PMF

Process Emissions Factor enabling across-economy assessment (Please see Section 2.4.5.5)

πN

Non-recyclable Production Waste/unit (product (j) via process (i) in economy (k)), in kg/unit

πR

Recyclable Production Waste/unit (product (j) via process (i) in economy (k)), in kg/unit

πa

Total production waste/unit (product (j) via process (i)) from developing/newly industrialized economies, in kg/unit

πb

Total production waste/unit (product (j) via process (i)) from developed/ industrialized economies, in kg/unit

PWF

Production Waste Factor enabling across-economy assessment (Please see Section 2.4.5.5)

ν

Process labor req./unit (product (j) via process (i) in economy (k)), in full-time laborer/unit

νa

Process labor req./unit (product (j) via process (i)) from developing/newly industrialized economies, in full-time laborer/unit

νb

Process labor req./unit (product (j) via process (i)) from developed/ industrialized economies, in full-time laborer/unit

PLF

Process Labor Factor enabling across-economy assessment (Please see Section 2.4.5.5)

𝑇
𝑖,𝑗.𝑘

𝑘

𝑖,𝑗.𝑘

∗ 𝜏 𝑖,𝑗,𝑘 ) + ( 𝐼𝑡

∗ 𝜏 𝑖,𝑗,𝑘 ) ∀ 𝑘 ∈ 𝐾

Eq. 13

𝑖,𝑗.𝑘

𝑖,𝑗.𝑘

Eq. 14

𝐸𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 = ∑ ∑ ∑((𝑋𝑡
𝑡=1 𝑗

𝑖

𝐸𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑘 = ∑𝑇𝑡=1 ∑𝑗 ∑𝑖((𝑋𝑡

∗ 𝜔 𝑖,𝑗,𝑘 ) + ( 𝐼𝑡

∗ 𝜔 𝑖,𝑗,𝑘 ) ∀ 𝑘 ∈ 𝐾

𝑇
𝑖,𝑗.𝑘

𝑘

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐸𝑛𝑒𝑟𝑔𝑦 = ∑ ∑ ∑((𝑋𝑡
𝑡=1 𝑗

𝑖,𝑗.𝑘

∗ 𝜑 𝑖,𝑗,𝑘 ∗ 𝑃𝐸𝐹 𝑘 ) + ( 𝐼𝑎𝑡

𝑖,𝑗.𝑘

∗ 𝜑𝑎𝑖,𝑗 ) + (𝐼𝑏𝑡

∗ 𝜑𝑏 𝑖,𝑗 ) ∀ 𝑘 ∈ 𝐾

Eq. 15

𝑖

𝑇
𝑖,𝑗.𝑘

𝑘

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = ∑ ∑ ∑((𝑋𝑡
𝑡=1 𝑗

∗ϐ

𝑖,𝑗,𝑘

𝑖,𝑗,𝑘

+ 𝜋𝑅 ) ∗ 𝑃𝑊𝐹 𝑘 ) + ( 𝐼𝑎𝑡

𝑖,𝑗.𝑘

∗ 𝑃𝑀𝐹 𝑘 ) + ( 𝐼𝑎𝑡

𝑖,𝑗.𝑘

∗ ϐ𝑎𝑖,𝑗 ) + (𝐼𝑏𝑡

∗ ϐ𝑏 𝑖,𝑗 ) ∀ 𝑘 ∈ 𝐾

Eq. 16

𝑖

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑊𝑎𝑠𝑡𝑒 𝑘
𝑇
𝑖,𝑗.𝑘

= ∑ ∑ ∑((𝑋𝑡
𝑡=1 𝑗

∗ (𝜋𝑁

𝑖,𝑗,𝑘

𝑖,𝑗.𝑘

𝑖
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𝑖,𝑗.𝑘

∗ π𝑎𝑖,𝑗 ) + (𝐼𝑏𝑡

∗ π𝑏 𝑖,𝑗 ) ∀ 𝑘 ∈ 𝐾

Eq. 17

𝑇

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐿𝑎𝑏𝑜𝑟

𝑘

𝑖,𝑗.𝑘

= ∑ ∑ ∑((𝑋𝑡
𝑡=1 𝑗

2.4.5.5

𝑖,𝑗.𝑘

∗ ν𝑖,𝑗,𝑘 ∗ 𝑃𝐿𝐹 𝑘 ) + ( 𝐼𝑎𝑡

𝑖,𝑗.𝑘

∗ ν𝑎𝑖,𝑗 ) + (𝐼𝑏𝑡

∗ ν𝑏 𝑖,𝑗 ) ∀ 𝑘 ∈ 𝐾

𝑖

Factors Enabling Across-Economy and Across-Scenario Assessment

In addressing increasingly interactive global economies, it is often difficult to inform industrial and policy
decisions across multiple contexts in a single, uniform manner. Each constituent of the global economy
exists within a unique space on a broad spectrum of socioeconomic and industrial development. The
technologies available to, processes used in, and management strategies employed by each therefore
inherently differ, creating varying degrees of flexibility in and barrier inhibition of the adoption of VRPs.
Each constituent thus demonstrates a unique profile of economic and environmental performance that must
be considered when exploring the current role and future potential of VRPs. To better understand the
implications of these conditions and barriers, four countries representative of different points on this
spectrum of development—and for whom sound industrial systems data were available—were selected to
serve as the basis of modeling and analysis:
•

United States of America (USA)

•

Germany (DEU)

•

Brazil (BRA)

•

China (CHN)

There were two different kinds of factors developed to support and enable economy-level modeling that
was appropriately reflective of the varied conditions across sample economies, and under each of the barrier
alleviation scenarios:
•

Environmental and Economic Impact Factors: These factors affect across-economy assessment
and were applied in each of the VRP barrier alleviation scenarios (see below). These factors were
applied as multipliers vs. the USA base impact data to reflect differing conditions, and therefore
environmental and economic impacts, of each economy. These factors include: Process Energy
Factor, accounting for electricity infrastructure differences by economy; Process Emissions Factor,
accounting for differing electricity generation grid mix in each economy; Production Waste Factor,
accounting for differing technical production efficiency conditions and waste diversion
infrastructure; and Labor Productivity Factor, accounting for differing labor productivity – and
therefore differing labor requirements – within each sample economy.
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Eq. 18

•

VRP Barrier Alleviation Scenario Factors: These factors affect across-scenario assessment and
were applied to each economy to reflect changing VRP barrier conditions. These factors were
applied as multipliers to various volume-based parameters within the economy-level model, for
each sample economy. VRP barrier alleviation scenario factors include regulatory factors,
technological factors, and market factors that capture high-level barrier conditions for each
economy, under the Status Quo, Standard Open Market, and Theoretical High barrier alleviation
scenarios.

The following sections describe the calculation of these impact and scenario factors, and the way in which
they were used within the model.
2.4.5.5.1
2.4.5.5.1.1

Environmental and Economic Impact Factors
Process Energy Factor

This analysis deliberately omits consideration of use-phase energy within each economy, as that
requirement would be equal across each; a new automobile engine produced in the United States, for
example, would reasonably use the same amount of energy during its use-phase as it would in another
economy. Rather, the most significant differences in energy requirements lie in the production process.
Thus, by mitigating the requirement for 100% new material inputs and instead leveraging already-existing
components or products, VRPs offer reduced per-unit energy requirements in the production phase.
In this respect, the differences of efficiency in the generation, transmission, and distribution of energy used
for industrial production can have significant effects on material efficiency—i.e. how much of a product
can be made (or re-made) from a given amount of energy input materials—and also on the environmental
impacts of consuming that energy.
The interaction between these efficiency measures was examined via the World Energy Council and
revealed relative energy efficiency factors for each representative economy. These factors were used to
account for the cumulative energy (generation, transmission, and distribution, including losses) required to
complete each process within each sample economy. This approach enabled accounting for energy
infrastructure efficiency with the process, and so that each representative economy may be assessed relative
to each other on a level platform (See Table 26).
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Table 26: Production process energy factor and efficiency comparison across scenario economies

Efficiency of Power Generation (%)
Efficiency of T&D (%)

40

40

Process Energy Factor

2.4.5.5.1.2

USA

Germany

Brazil

China

42.0%

41.9%

67.9%

41.4%

93.9%

96.3%

84.9%

93.8%

2.5370

2.4794

1.7347

2.5751

GWP 100a Process Emissions Factor

Energy efficiency factors are inherently related to the greenhouse gas (GHG) emissions for which industrial
producers are responsible. For each unit of energy (here measured in megajoules [MJ]) required for
manufacturing, a proportional amount of GHG emissions (kilograms [kg] of carbon dioxide-equivalent
[CO2-e] gases) will be created. These emissions—as well as the amount of energy required to complete
production processes—are of course related to the particular energy grid and process technology portfolios
upon which each representative economy relies. Estimated production process emissions are therefore
calculated based country-specific product and process energy requirement and energy infrastructure data
from the Ecoinvent 3.3 database41, and similarly normalized to a USA-based baseline, as shown in Table
27.
Table 27: Production process emissions factor and generation comparison across scenario economies
USA

Germany

Brazil

China

GWP 100a (kgCO2-e/MJ, IPCC 2013)41

0.1829

0.1870

0.0589

0.3244

GWP 100a Process Emissions Factor

1

1.02

0.32

1.77

2.4.5.5.1.3

Production Waste Factor

The generation of production waste byproduct is reflected as a measure of production efficiency; the greater
the technological development and skill level of a workforce and facility, and the greater the size of the
operation, the relatively less production waste is generated per unit. It is necessarily assumed that developed
economies exhibit greater production efficiency, and therefore generate less production waste byproduct,
than developing economies.

40

World Energy Council. https://www.wec-indicators.enerdata.eu; Accessed 03-15-2017 (World Energy Council
2015)
41
Per Ecoinvent 3.3 dataset documentation, Market group for electricity, medium voltage for period 2015-01-01 to
2016-12-31 using IPCC 2013 method. Accessed 2017-05-08. (Ecoinvent 3.3 2016)
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Corresponding to these relationships is another convention of material efficiency in manufacturing: the
more waste byproduct created relative to the material embodied in the final product, the greater the new
material quantity a process will require to complete that process. In addition, the presence of recycling
and/or diversion regulations for industrial facilities represents an opportunity to reduce waste byproduct;
inversely, the absence of recycling and/or diversion regulations for industrial facilities represents the
potential for higher levels of waste generation.
Given the existence and viability of secondary recycling markets for primary production materials,
including steel and aluminum, it is assumed that recyclable production waste factors will be constant and
equivalent to USA conditions for developed markets (e.g. Germany) (1.0), and increased by 20% for Brazil
and China (See Table 28). Each of the representative economies considered here are sufficiently
industrialized to have robust (if not formalized) scrap material markets, and as such it is assumed that
producers in all economies will be motivated to recycle applicable materials in their production waste
stream wherever possible. Variation in waste generation is attributed to the presence (or absence) of
industrial recycling regulations, technological efficiency, and the sophistication of waste and recycling
infrastructure for industrial production sectors.
Table 28: Production waste factor comparison across scenario economies

Production Waste Factor

2.4.5.5.1.4

USA

Germany

Brazil

China

1.0

1.0

1.2

1.2

Labor Productivity Factor

Sufficient access to skilled labor is a well-referenced barrier to cost-effective adoption of circular
production processes in both developed and developing markets. To adequately reflect the comparative
productivity of different economies, a labor requirement factor was calculated using the GDP value of
manufacturing output (in 2014 U.S. Dollars) created per person working in manufacturing. Manufacturing
Value / Person Employed is a manufacturing sector productivity measure utilized at the international level,
namely by the Organisation for Economic Co-operation and Development (OECD) and the U.S. Bureau of
Labor Statistics. This employment productivity factor (See Table 29) represents the relative productivity of
full-time equivalent employees across different economies and enables the estimation of employment
potential in different markets based upon their current-state labor pool.

108

Table 29: Labor Requirement factor comparison across scenario economies
Economy A
(USA)42

Economy B
(Germany)42

Economy C
(Brazil) 43

Economy D
(China)44

$128,560

$100,584

$27,769

$57,833

1

0.78

0.22

0.45

Mfg. GDP/ Person Employed in Mfg.
(2014) (USD)45
Labor Productivity Factor

Together, these factors not only provide a baseline understanding of how each representative economy
currently performs, but also reveal areas in which each economy might need to improve in order to support
the circular economy and suggest how the adoption of VRPs might unfold, given the particularities of each
economic context. Brazil, for example, appears to outperform its counterparts in energy efficiency and
emissions production, but is significantly underperforming in human capital and productivity, relatively. In
this sense, a focus on VRPs that increase the recoverable value of EOU products through preserving form
and function while minimizing the intermediate steps required to extract that value may be of greater benefit
than those that preserve value by avoiding process energy requirements.
In any case, the potential to address these differences in economic performance through increased scale of
VRPs hinges entirely upon the myriad barriers that presently constrain the industry’s transformational
willingness and ability. It is these barriers—and, ultimately, the degree to which they can be alleviated
through shifts in industrial paradigm and governmental policy—that will either unlock or inhibit the
transition to a more circular global economy.
2.4.5.5.2

Environmental and Economic Impacts of Imported Products

Finally, in assessing the environmental and economic impacts of consumption, the origin of imported
products was an important consideration. Using import quantity estimates by economy of origin that were
based on import share of demand (Please refer to Equations 11 and 12), the aggregated environmental and
economic impacts associated with imported products were determined using average, and representative
environmental and economic impacts factors (Refer to Table 30).

42

USA and Germany manufacturing sector productivity data from U.S. Congressional Research Service, and
OECD.(Levinson 2013, OECD 2017)
43
Brazil manufacturing sector productivity data derived from U.S. Congressional Research Service, and CIA World
Factbook. (CIA 2015, Levinson 2013)
44
China manufacturing sector productivity data derived from U.S. Congressional Research Service, and Peterson
Institute for International Economics. (Lardy , Levinson 2013)
45
GDP from Manufacturing/ Person Employed in Manufacturing is a Manufacturing Sector Productivity measure
utilized at the international level, namely by the OECD, and the U.S. Bureau of Labor Statistics. (OECD 2017, U.S.
Department of Labor 2015)
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Table 30: Process impact factors for imported products

Process Impact Factor

Developing/Newly
Industrialized Import
Origin Economy Value

Developed/Industrialized Import
Origin Economy Value

Process Energy Factor (φ)

Average (Brazil; China)

Average (Germany; USA)

GWP 100a Process Emissions Factor (ϐ)

Average (Brazil; China)

Average (Germany; USA)

Production Waste Factor (πN, πR)

Average (Brazil; China)

Average (Germany; USA)

Labor Productivity Factor (ν)

Average (Brazil; China)

Average (Germany; USA)

2.4.5.6

Barrier Alleviation Scenario Factors

The barriers used to reflect current state and alleviation-potential factors are presented in Table 31 and are
described in further detail subsequently. It is important to note that these Factors are only applied in the
context of relevant VRPs (e.g. not to OEM New segment): given that repair is a well-established option in
every economy, these Factors are not applied to the repair segment; in addition, given that there are little to
no interventions that may yield greater demand for arranging direct reuse products in an economy, these
Factors are not applied to the arranging direct reuse segment. Please refer to Equation 8 for additional
clarification. Further description of the approach and sources that inform the factors presented in Table 31
and Table 32 are included in the following sections. The values in Table 31 inform the simplified
representation of current state VRP barriers within sample economies, and colors represent relative barrier
factors similar to the model depicted in Figure 26 of the Report. The values contained in Table 31 are further
clarified and explained in the following sections.
Table 31: Overview of relative barrier factors in current state
Barrier Factor

Regulatory & Access Factors

Technological Factor

Application

Brazil

China

Germany

USA

VRP Vehicle Parts

0.28

0.18

0.86

0.91

VRP Industrial Digital Printers

0.28

0.18

0.66

0.91

VRP HDOR Equipment Parts

0.28

0.18

0.86

0.91

All

0.09

0.11

0.5

0.54

Refurbished Products

0.8

0.5

0.95

0.95

Remanufactured Products

0.25

0.25

0.75

0.75

Market Factors

In the Standard Open Market and Theoretical High Scenarios, these relative barrier factors are modified to
reflect changing VRP barriers in each economy, according to established scenario conditions. A summary
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of the VRP barrier factors that are incorporated into the model, via Equation 8, are outlined for each VRP
barrier scenario in Table 32. Please note that the first (most left) data column in Table 32 reflects the current
state factor estimates as presented in Table 31, with Scenario-based normalizations and prorated values
presented in the columns on the right side of Table 32.
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Table 32: Overview of VRP barrier factors for all VRP barrier alleviation scenarios
Current
State

SCENARIO
TARGET

USA

Germany

Brazil

China

2.4.5.6.1

Global Barrier Alleviation Scenarios
Status
Quo

Standard
Open Market

Theoretical
High

Market Factor (Refurbishing)

0.95

1.00

Market Factor (Remanufacturing)

0.75

1.00

Regulatory Factor – VRP Vehicle Parts

0.91

1.00

Regulatory Factor - VRP Ind. Digital Printers

0.91

1.00

Regulatory Factor – VRP HDOR Parts

0.91

1.00

Technological Factor

0.54

1.00

Market Factor (Refurbishing)

0.95

1.0

1.00

1.05

Market Factor (Remanufacturing)

0.75

1.0

1.00

1.33

Regulatory Factor – VRP Vehicle Parts

0.91

1.0

1.00

1.10

Regulatory Factor – VRP Ind. Digital Printers

0.91

1.0

1.00

1.10

Regulatory Factor – VRP HDOR Parts

0.91

1.0

1.00

1.10

Technological Factor

0.54

1.0

1.00

1.85

Market Factor (Refurbishing)

0.95

1.0

1.00

1.05

Market Factor (Remanufacturing)

0.75

1.0

1.00

1.33

Regulatory Factor – VRP Vehicle Parts

0.86

1.0

1.05

1.16

Regulatory Factor – VRP Ind. Digital Printers

0.66

1.0

1.37

1.51

Regulatory Factor – VRP HDOR Parts

0.86

1.0

1.05

1.16

Technological Factor

0.50

1.0

1.09

2.01

Market Factor (Refurbishing)

0.80

1.0

1.19

1.25

Market Factor (Remanufacturing)

0.25

1.0

3.00

4.00

Regulatory Factor – VRP Vehicle Parts

0.28

1.0

3.26

3.59

Regulatory Factor – VRP Ind. Digital Printers

0.28

1.0

3.26

3.59

Regulatory Factor – VRP HDOR Parts

0.28

1.0

3.26

3.59

Technological Factor

0.09

1.0

6.16

11.43

Market Factor (Refurbishing)

0.50

1.0

1.90

2.00

Market Factor (Remanufacturing)

0.25

1.0

3.00

4.00

Regulatory Factor – VRP Vehicle Parts

0.18

1.0

5.10

5.62

Regulatory Factor – VRP Ind. Digital Printers

0.18

1.0

5.10

5.62

Regulatory Factor – VRP HDOR Parts

0.18

1.0

5.10

5.62

Technological Factor

0.11

1.0

4.95

9.18

Technological VRP Barrier Factors

The factors used to reflect current state and potential technological conditions are reflected in Table 33 and
similarly, the factors used to reflect current state and applied import share conditions for scenarios are
presented in Table 35.
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Technological Factors were determined as a relative measure of the OECD Science, Technology and
Innovation (STI) industry outlook for each economy46. The benchmarking undertaken by the OECD
incorporates 23 different measures, categorized into the six core areas of competency, per Table 33 below.
The scores included in Table 33 reflect the normalized index of 2011 performance of each national STI
systems relative to the median OECD values, using an index median of 100.
Table 33: Overivew of technological VRP barrier factors and inputs to calculation 46
STI Competency Area

USA

Germany

Brazil

China

Universities & Public Outreach

83.3

113.3

25.0

31.7

R&D Innovation in Firms

112.5

117.5

13.3

52.5

Innovative Entrepreneurship

145.0

113.3

-10.0

-50.0

ICT & Interact Infrastructure

141.3

87.5

6.7

-8.3

Networks, clusters & Transfers

55.0

112.5

46.7

62.5

Skills for Innovation

125.0

108.0

15.0

60.0

2.4.5.6.2

Average (All)

110.3

108.7

16.1

24.7

Average (Available)

107.9

99.3

17.5

21.8

Highest Possible Score

200

200

200

200

Technological Factor

0.54

0.50

0.09

0.11

Regulatory & Access VRP Barrier Factors

Regulatory Factors were calculated by combining two different metrics, accounting for specific economylevel conditions of the studied sectors: The OECD Trade Facilitation Performance Indicator, and the World
Bank Ease of Doing Business Index. The OECD Trade Facilitation Performance Indicators are a set of 11
different indicators for the range of border procedures from more than 160 countries of varied income
levels, geographical regions and development stages46. As shown in Table 34, the average indicator score
for each economy is normalized for use within the calculation of the Regulatory Factor.
Average trade facilitation performance covers scores across a range of relevant areas including, but not
limited to: Information availability; involvement of the trade community; advance rulings; appeal
procedures; fees and charges; documents; automation; procedures; internal border agency cooperation;
external border agency cooperation; and governance and impartiality. In economies where there are VRPspecific conditions that reduce the ease of VRP product trade, a Product/Sector VRP Trade Weighting of <
1.0 is assumed for the Status Quo scenario (Refer to Table 34).
46

Per OECD Science, Technology and Innovation Industry Outlook 2015, scores for USA, Brazil, China and
Germany. (OECD 2015a)
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The World Bank Ease of Doing Business Index is a ranking of economies based on their ease of doing
business, with a high ease of doing business ranking indicating that the regulatory environment is more
conducive to the starting and operating of a local firm (World Bank 2015). The relative Ease of Doing
Business is a construct reflecting different operational aspects of business in an economy, including the
ease of starting a business, dealing with construction permits, getting electricity, registering property,
getting credit, paying taxes, enforcing contracts, trading across borders, and several other factors. For each
of these, economies are ranked relative to one another, from 1 – 190 (reflective of 190 economies for which
there is sufficient data). In economies where there are VRP-specific conditions inhibiting the engagement
of businesses in VRP-related production activities, a Product/Sector VRP Domestic Business Weighting of
< 1.0 is assumed for the Status Quo scenario (Refer to Table 34).
Table 34: Overview of regulatory & access VRP barrier factors and inputs to calculation
USA

Germany

Brazil

China

1.7

1.6

1.5

1.4

2

2

2

2

0.85

0.80

0.75

0.70

Vehicle Parts Trade

1

1

0.5

0.5

Trade48

1

0.5

0.5

0.5

HDOR Equipment Parts Trade

1

1

0.5

0.5

7

14
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OECD Trade Facilitation Performance Avg. Score (2015)47
Out of Possible Score
Normalized
Product/Sector VRP Trade Weighting
Industrial Digital Printers
World Bank Ease of Doing Business Index

(2015)49

Out of Possible Score

190

190

190

190

Normalized

0.96

0.93

0.36

0.58

Product/Sector VRP Domestic Business Weighting

Factor

VRP Vehicle Parts Domestic Business

1

1

0.5

0.01

VRP Industrial Digital Printers Domestic Business

1

1

0.5

0.01

VRP HDOR Equipment Parts Domestic Business

1

1

0.5

0.01

Calculation50
Regulatory Factor - Vehicle Parts

0.91

0.86

0.28

0.18

Regulatory Factor - Industrial Digital Printers

0.91

0.66

0.28

0.18

Regulatory Factor - HDOR Equipment Parts

0.91

0.86

0.28

0.18

47

Per OECD Trade Facilitation Indicators, 2015 scores for USA, Brazil, China and Germany. (OECD 2015b)
Given the impact of Basel Convention definitions upon the movement of case study industrial digital printers by
exporters, Parties to the Basel Convention have an additional VRP-related barrier to trade of industrial digital printers,
per interviews with industry experts. As such, the Product/Section VRP Trade Factor for Germany, Brazil and China
accounts for this additional VRP barrier.
49
Per The World Bank Doing Business, Economy Rankings for USA, Brazil, China and Germany. (World Bank 2015)
50
Each normalized OECD Avg. Trade Facilitation Indicators score and normalized World Bank Ease of Doing
Business Index (2015), was multiplied by the Product/Sector VRP Trade and VRP Domestic Business Weightings,
respectively, for each case study sector, and then divided by 2 to enable continued normalization.
48
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2.4.5.6.3

Import-Based VRP Barrier Factors

To reflect the implications of VRP product imports within sample economies under the different VRP
barrier alleviation scenarios, import share of demand (𝐼𝑃𝑖,𝑗,𝑘 ) is incorporated for each scenario as outlined
in Table 35. It is important to note that import share of demand is organized by product sector (Industrial
Digital Printers, Vehicle Parts, and HDOR Equipment Parts), as well as by OEM New, refurbished, and
remanufactured VRPs, as appropriate in the context of import. Current state, or Status Quo scenario values
for import share of demand for OEM New products are based on data for each sample economy from the
Observatory of Economic Complexity (2015). Current state, or Status Quo scenario values for import share
of refurbished and remanufactured products are derived from the United States International Trade
Commission (USITC) (2009, 2012), the European Remanufacturing Network (ERN) (2015), and interviews
with industry experts.
In the Standard Open Market scenario, import share of demand for Brazil, China and Germany are set to
the Status Quo import share of demand of the USA, as established by the conditions of this particular
scenario. Finally, in the Theoretical High scenario, the import share of demand for Germany is returned to
its Status Quo state, however those of Brazil and China are increased to 20.0% to reflect conditions for
which trade of VRP products has reached a greater share of the products reaching the market place.
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Table 35: Summary of import share assumptions across global barrier alleviation scenarios
Current
State

USA

Germany

Brazil

China

Global Barrier Alleviation Scenarios
Status
Quo

Standard Open
Market

Theoretical
High

Import Share – Veh. Parts OEM New

21.4%

21.4%

21.4%

21.4%

Import Share – Veh. Parts Reman

20.8%

20.8%

20.8%

20.8%

Import Share – Ind. Print OEM New

91.6%

91.6%

91.6%

91.6%

Import Share - Ind. Print Refurb

21.9%

21.9%

21.9%

21.9%

Import Share - Ind. Print Reman

21.9%

21.9%

21.9%

21.9%

Import Share - HDOR Parts OEM New

35.1%

35.1%

35.1%

35.1%

Import Share - HDOR Parts Refurb

53.0%

53.0%

53.0%

53.0%

Import Share - HDOR Parts Reman

53.0%

53.0%

53.0%

53.0%

Import Share – Veh. Parts OEM New

57.5%

57.5%

57.5%

57.5%

Import Share – Veh. Parts Reman

15.8%

15.8%

20.8%

15.8%

Import Share – Ind. Print OEM New

61.5%

61.5%

61.5%

61.5%

Import Share - Ind. Print Refurb

16.9%

16.9%

21.9%

16.9%

Import Share - Ind. Print Reman

16.9%

16.9%

21.9%

16.9%

Import Share - HDOR Parts OEM New

82.0%

82.0%

82.0%

82.0%

Import Share - HDOR Parts Refurb

48.0%

48.0%

53.0%

48.0%

Import Share - HDOR Parts Reman

48.0%

48.0%

53.0%

48.0%

Import Share – Veh. Parts OEM New

12.8%

12.8%

12.8%

12.8%

Import Share – Veh. Parts Reman

0.0%

0.0%

20.8%

20.0%

Import Share – Ind. Print OEM New

70.5%

70.5%

70.5%

70.5%

Import Share - Ind. Print Refurb

0.0%

0.0%

21.9%

20.0%

Import Share - Ind. Print Reman

0.0%

0.0%

21.9%

20.0%

Import Share - HDOR Parts OEM New

3.4%

3.4%

3.4%

3.4%

Import Share - HDOR Parts Refurb

0.0%

0.0%

53.0%

20.0%

Import Share - HDOR Parts Reman

0.0%

0.0%

53.0%

20.0%

Import Share – Veh. Parts OEM New

11.0%

11.0%

11.0%

11.0%

Import Share – Veh. Parts Reman

0.0%

0.0%

20.8%

20.0%

Import Share – Ind. Print OEM New

99.6%

99.6%

99.6%

99.6%

Import Share - Ind. Print Refurb

0.0%

0.0%

21.9%

20.0%

Import Share - Ind. Print Reman

0.0%

0.0%

21.9%

20.0%

Import Share - HDOR Parts OEM New

8.1%

8.1%

8.1%

8.1%

Import Share - HDOR Parts Refurb

0.0%

0.0%

53.0%

20.0%

Import Share - HDOR Parts Reman

0.0%

0.0%

53.0%

20.0%

Finally, the import and export factors that are held constant within the economy-level model are presented
in Table 36. This offers further clarity with regard to the data and implications of Equations 11 and 12,
which account for the quantity and implications of the origin of imported products. In additon, assumptions
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regarding the destination of domestic production outputs – either into the domestic market, or to export –
are also presented Table 36.
Table 36: Import and Export Factors Held Constant within Model Period
Constant Import and Export Factors
Destination of Domestic
Production Outputs
Share to
Share to
Domestic
Export
Market (X)
(1-X)

USA

Germany

Brazil

Import from
Developed
Economies (I (𝑎))

Import from
Developing
Economies (I(b))

16.8%

45.0%

55.0%

Vehicle Parts OEM New

83.2%

Vehicle Parts Reman

90.6%

9.4%

23.8%

76.2%

Industrial Digital Printers OEM New

51.8%

48.2%

40.0%

60.0%

Industrial Digital Printers Refurb

96.2%

3.8%

25.0%

75.0%

Industrial Digital Printers Reman

96.2%

3.8%

25.0%

75.0%

HDOR Equipment Parts OEM New

51.6%

48.4%

45.7%

54.3%

HDOR Equipment Parts Refurb

68.4%

31.6%

7.7%

92.3%

HDOR Equipment Parts Reman

68.4%

31.6%

7.7%

92.3%

Vehicle Parts OEM New

89.6%

10.4%

91.2%

8.8%

Vehicle Parts Reman

89.6%

10.4%

23.8%

76.2%

Industrial Digital Printers OEM New

44.3%

55.7%

59.9%

40.1%

Industrial Digital Printers Refurb

96.2%

3.8%

25.0%

75.0%

Industrial Digital Printers Reman

96.2%

3.8%

25.0%

75.0%

HDOR Equipment Parts OEM New

15.3%

84.7%

71.5%

28.5%

HDOR Equipment Parts Refurb

15.3%

84.7%

7.7%

92.3%

HDOR Equipment Parts Reman

15.3%

84.7%

7.7%

92.3%

Vehicle Parts OEM New

98.4%

1.6%

50.7%

49.3%

Vehicle Parts Reman

98.4%

1.6%

0.0%

0.0%

Industrial Digital Printers OEM New

88.9%

11.1%

41.9%

58.1%

Industrial Digital Printers Refurb

98.8%

1.2%

0.0%

0.0%

Industrial Digital Printers Reman

98.8%

1.2%

0.0%

0.0%

HDOR Equipment Parts OEM New

97.7%

2.3%

70.1%

29.9%

HDOR Equipment Parts Refurb

97.5%

2.5%

0.0%

0.0%

HDOR Equipment Parts Reman

97.5%

2.5%

0.0%

0.0%

Vehicle Parts OEM New

99.0%

1.0%

77.6%

22.4%

Vehicle Parts Reman

100.0%

0.0%

0.0%

0.0%

8.0%

92.0%

66.5%

33.5%

Industrial Digital Printers Refurb

100.0%

0.0%

0.0%

0.0%

Industrial Digital Printers Reman

100.0%

0.0%

0.0%

0.0%

HDOR Equipment Parts OEM New

96.4%

3.6%

75.9%

24.1%

HDOR Equipment Parts Refurb

100.0%

0.0%

0.0%

0.0%

HDOR Equipment Parts Reman

100.0%

0.0%

0.0%

0.0%

Industrial Digital Printers OEM New
China

Import Origin
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2.5 Limitations of the IRP Study
The objectives of this study are ambitious, and the scope necessarily extensive. The discussion and insights
presented herein offer new perspective on the pursuit of circular economy through the adoption of VRPs;
however, there are some limitations to the study that require attention and consideration as future research
initiatives.

2.5.1 Impact Constraints Resulting from Case Study Data Availability
From an impact perspective, the case studies products and sectors, and the sample economies studied are
not fully representative or reflective of the global marketplace. The availability of sufficient and reliable
data was a primary driver of case study sector and sample economy selection.
Regarding product selection, the comprehensive across-process assessment of environmental and economic
impacts required the selection of sectors and products that met three criteria: (1) the product must be known
to undergo all (or most) of the VRPs being assessed, in sufficient volumes; (2) VRPs must be undertaken
for case study products in each sample economy; and (3) researchers must have access to material-,
component-, and product-level impact data for each of the relevant VRPs. Realistically, much of this data
is traditionally considered proprietary and confidential, and as such, selection of case study products heavily
relied upon the willingness of industry collaborators around the world. While many VRPs are undertaken
for traditional B2C products (e.g. clothing, bicycles, mobile phones), these products were often deemed
unsuitable because they could not be studied to the necessary extent: Many of these undergo a few, but not
all VRPs, and as such the necessary across-process comparison would be limited; the practice of VRPs on
these products occurs in some, but not all economies; detailed material-, component-, and process-level
impact data was not available and/or is not tracked; and/or VRPs for these processes occur in very low
volumes, inhibiting sufficient macro-level analysis.
To mitigate some of the limitations of case study product representativeness, additional discussion on an
extended selection of less industrial products has been incorporated in Section 3.3 to broaden process-level
insights alongside market-level representativeness.
The selection of sample economies was similarly challenging: while care was taken to ensure a reflection
of both developed (Germany, USA) and developing (Brazil, China) economies, each of these case study
economies is considered to be industrialized. Regarding sample economy selection, modeling needs
required that three criteria be met: (1) VRPs must be undertaken for case study products in each sample
economy; (2) researchers must have access to industry collaborators based in, or with sufficient knowledge

118

of the sample economy; and (3) researchers must have access to material-, component-, and product-level
impact data for each of the relevant VRPs. The omission of non-industrialized economies was largely due
to the lack of required data for case study products, studied VRPs, and economic activity.
To mitigate some of the limitations of the industrialized economy focus on the case studies, additional
discussion on the conditions and perspectives of non-industrialized economies as they relate to circular
economy, sustainability, and VRPs has been incorporated throughout Section 5 to highlight insights and
opportunities that apply across all economies.
The study of repair processes across each sample economy presented many challenges, as repair activities
by nature do not typically occur within standardized or industrial processes. Repair activities can be
incredibly diverse in nature, typically take place in smaller establishments and/or are undertaken informally,
and the volumes of these activities are typically not tracked in a manner that allows for macro-level analysis.
Although stockpiling (deliberate accumulation) of EOU products and materials likely occurs in the sample
economies, the absence of reliable data on stockpiling behaviors and quantities required that an assumption
of zero stockpiling be used within the model. An implication of this assumption is that there is no timedelay in the cycling of materials and/or products through the modeled system, and therefore no reflection
of the real economic implications of material or product (‘core’) shortages (or abundance) in the secondary
markets being modeled.

2.5.2 Limitations of the Models
As described in the preceding sections, the case studies incorporate two models to appropriately account
for bottom-up (product- and process-level) and top-down (economy-level) considerations and variables.
While the product-level modeling is extensive, comprehensive, and incorporates data from relevant lifecycle assessments (LCAs) in the literature, the extensive scope of this study prohibited full LCA’s from
being conducted for each case study product. The use of LCA data from the literature was limited to
process-level requirements where they could not be empirically collected: typical energy type utilized by
the facility (e.g. electricity); hours of work per unit per process; and work process variations between VRPs.
To mitigate some uncertainty, researchers ensured that LCA-data used in the product-level models were
based on LCA studies that utilized a common methodology and approach. Given the process-emphasis and
the extensive scope of the undertaking, the assessment excludes impacts resulting from forward- and
reverse-logistics (including disposal) transportation within the system; these were deemed to be relatively
equivalent across each process. In addition, use-phase impacts were also excluded on the basis that the
products and processes are commensurable: the same product was assessed for each process, and no product
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performance efficiency-gain was enabled. In other words, the processes were assessed against the exact
same product, not across upgraded and/or more efficient versions of the product. This was done to ensure
an appropriate and valid comparison that limited situational uncertainty. It should be noted that many VRPs
are performed on older versions of products that may not meet current levels of performance efficiency,
and the implications of these practices are discussed in greater detail in Sections 5.2.4 and 5.3.2.
The economy-level modeling for this study accounts for a broad systems-perspective, necessarily simplified
to facilitate the inclusion of all case study products, sectors, and sample economies. Given the range of
technological capabilities and capacity that exist across organizations, sectors, and economies, the
economy-level model was unable to account for the implications of advances in robotics, other forms of
artificial intelligence (AI), and new technologies such as additive manufacturing. However, the role of
additive manufacturing in VRPs is discussed further in Section 5.2.3.3.3. In addition, technological and
social innovations have potentially significant roles to play in accelerating the rate of VRP adoption, and
the potential benefits therein. However, due to the dynamic and diverse nature of system conditions and
barriers, the dynamic simulations of the economy-level models do not reflect barrier-alleviation pathways
over time, and do not incorporate transformative pathways of innovation. Instead, the impacts of barrier
alleviation are assessed via the Status Quo, Standard Open Market, and Theoretical High scenarios which
reflect varying degrees of barrier presence/absence.
Finally, although the essential role of customer/consumer awareness, attitudes, and behavior are
emphasized throughout the discussion in subsequent sections, many of the intricacies of consumer
psychology and behavioral economies modeling were not possible due to a dearth of required micro-data
on consumer/customer response to VRP products across each sample economy. While this assessment
accounts for current attitudes and acceptance via the proxy measure of demand share and production mix,
there is opportunity to further enhance these models through the incorporation of additional behavioral
economic data and modeling approaches, with a focus on VRP products.
This report presents sound insights and perspectives and is among the first studies to present quantified
estimates of the contribution that VRPs can make towards greater resource efficiency and circular economy.
However, it must be emphasized that there is urgent need for continued research efforts to further
investigate highly relevant issues, including: current practices and barriers to VRPs, including materialflows, within non-industrialized and otherwise constrained economies (e.g. Small-Island Developing
States); data collection and analysis on the use of VRPs in consumer products and B2C markets;
comprehensive economic modeling that incorporates both behavioral aspects of VRP product demand, and
technological innovation capacity aspects of VRP production; and data collection and analysis on the
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magnitude of less formal/informal repair and direct reuse activities, as contribution to circular economy
within national economies.
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3. Benefits of Value-Retention Processes
3.1 Impacts of Value-Retention Processes at the Product-Level
The impacts of VRPs differ by product, material, and market as a result of complexity within the system.
Material requirement and other impacts were primarily determined based on data from US-based industry
collaborators, and in some cases existing literature, and were estimated for other sample economies based
on relevant data and impact factors in subsequent market-level modeling.
Based on this research and analysis, the material efficiency, embodied and process energy requirement, and
embodied and process emissions generation associated with US-based production of case study products,
by OEM New and VRPs are presented in the following sections. Please note that the unit of comparison is
a single unit process cycle: As such, the results presented in the following sections reflect the requirements
and environmental impacts of a single unit going through an OEM New, remanufacturing, comprehensive
refurbishment, refurbishment, repair, or direct reuse process.
It is important to note that this analysis differentiates embodied material energy of all relevant materials –
the energy associated with the extraction and processing of raw materials prior to production – from the
energy required by the actual production process itself. Similarly, embodied material emissions – the CO2eq. emissions associated with the extraction and processing of raw materials prior to production – is
differentiated from emissions associated with the actual production process.

3.1.1 Industrial Digital Printers
Material-level analysis results for industrial digital printer sector case study products are reflected in Table
37 through Table 39. Given the complexity and comprehensive nature of the Bill of Materials associated
with these case study products, a minimum of 80% of the product’s weight is represented in the analysis;
in many cases greater than 80% by weight is reflected. The differential between represented product weight
and the weight of total new material inputs reflects production process waste and recycling; in other words,
material inputs which are not part of the finished product.
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Table 37: USA production printer product-level material efficiency, energy and emissions impacts

Production Printer

Represented Product Weight (kg):
New Material Inputs by Process and Material
(kg/unit)

Steel

Stainless
Steel

Cast
Iron

Copper

Al.

Brass

PCB

TOTAL

891.8

Embodied
Material
Energy
(MJ/kg)

Embodied
Material
Emissions
(kgCO2-eq./kg)

TOTAL

TOTAL

OEM New

962.6

5.9

-

3.3

1.8

1.2

6.4

981.0

95,580.0

12,413.3

Reman

15.4

0.1

-

0.1

0.0

0.0

0.0

15.6

605.9

64.7

Comp.Refurb

7.2

0.0

-

0.0

0.0

0.0

0.0

7.3

293.1

31.6

Repair

1.0

0.0

-

0.0

0.0

0.0

0.0

1.1

260.9

36.2

Arranging
direct reuse

0.0

0.0

-

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Table 38: USA industrial digital printing press (#1) product-level material efficiency, energy and emissions
impacts

Industrial Digital Printing Press #1

Represented Product Weight (kg):

New Material Inputs by Process and Material
(kg/unit)

Steel

Stainless
Steel

Cast
Iron

Copper

Al.

Brass

PCB

TOTAL

3,707.3

Embodied
Material
Energy
(MJ/kg)

Embodied
Material
Emissions
(kgCO2-eq./kg)

TOTAL

TOTAL

OEM New

3,577.9

28.2

-

123.2

317.8

-

29.9

4,077.1

483,605.4

60,236.6

Reman

279.5

5.1

-

12.6

36.2

-

4.4

337.9

63,873.5

8,323.2

Comp.Refurb

155.1

3.6

-

11.5

18.6

-

2.5

191.3

36,189.4

4,729.5

Repair

34.5

0.0

-

0.0

0.0

-

0.0

0.0

694.0

50.4

Arranging
direct reuse

0.0

0.0

-

0.0

0.0

-

0.0

0.0

0.0

0.0
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Table 39: USA industrial digital printing press (#2) product-level material efficiency, energy and emissions
impacts

Industrial Digital Printing Press #2

Represented Product Weight (kg):

New Material Inputs by Process and Material
(kg/unit)

Steel

Stainless
Steel

Cast
Iron

Copper

Al.

Brass

PCB

TOTAL

2,075.8

Embodied
Material
Energy
(MJ/kg)

Embodied
Material
Emissions
(kgCO2eq./kg)

TOTAL

TOTAL

OEM New

2,088.1

4.4

44.0

17.2

113.4

-

16.3

2,283.4

253,924.8

32,307.7

Reman

93.5

0.1

6.0

5.7

17.7

-

0.3

123.3

8,517.3

834.9

Comp.Refurb

28.8

0.0

5.4

0.0

27.1

-

0.1

61.5

6,184.9

485.7

Repair

20.2

0.0

7.5

0.0

0.0

-

0.0

27.6

592.2

44.6

Arranging
direct reuse

0.0

0.0

0.0

0.0

0.0

-

0.0

0.0

0.0

0.0

Based on the averages for these case study products for the industrial digital printer sector, impact reduction
potential for each process ranges as shown in Figure 29. Please note that process energy and process
emissions results are inclusive of electricity generation supply chain, including efficiency and losses.

Figure 29: Impact reduction potential for USA via value-retention processes for industrial digital printers
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3.1.2 Vehicle Parts
Material-level analysis results for case study products representing the vehicle parts sector are reflected in
Table 40 and Table 43, with results for the traditional vehicle engine and lightweight vehicle engine
discussed in greater detail in Section 3.1.2.1. Given the complexity and comprehensive nature of the Bill
of Materials associated with these case study products, a minimum of 80% of the product’s weight is
represented in the analysis; in many cases greater than 80% by weight is reflected. The differential between
represented product weight and the weight of total new material inputs reflects production process waste
and recycling; in other words, material inputs which are not part of the finished product.
Table 40: USA vehicle alternator product-level material efficiency, energy and emissions impacts

Vehicle Alternator

Represented Product Weight (kg):
New Material Inputs by Process and Material
(kg/unit)

Steel

Cast Iron

Copper

Aluminum

TOTAL

4.9

Embodied
Material
Energy
(MJ/kg)

Embodied Material
Emissions
(kgCO2-eq./kg)

TOTAL

TOTAL

OEM New

1.8

1.2

1.3

1.1

5.4

286.1

18.4

Reman

0.3

0.2

0.3

0.2

1.0

12.7

3.6

Refurb

-

-

-

-

-

-

-

Repair

0.0

0.0

0.1

0.0

0.1

4.8

0.3

Arranging direct
reuse

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Table 41: USA vehicle starter motor product-level material efficiency, energy and emissions impacts

Vehicle Starter Motor

Represented Product Weight (kg):
New Material Inputs by Process and Material
(kg/unit)

Steel

Cast Iron

Copper

Aluminum

TOTAL

3.3

Embodied
Material
Energy
(MJ/kg)

Embodied Material
Emissions
(kgCO2-eq./kg)

TOTAL

TOTAL

OEM New

0.3

1.9

0.9

0.5

3.6

168.4

11.3

Reman

0.0

0.1

0.2

0.0

0.4

8.9

0.9

Refurb

-

-

-

-

-

-

-

Repair

0.0

0.0

0.1

0.0

0.1

4.8

0.3

Arranging direct
reuse

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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3.1.2.1

Vehicle Parts Design Tradeoffs in the Context of Value-Retention Processes

Particularly in the case of vehicles, there has been a design emphasis in recent years on reducing the weight
of the vehicle in pursuit of greater fuel efficiency. Some economies have progressed further than others in
terms of market adoption of lightweight options; Of interest to this study is the significant potential
difference in material-level environmental impacts a lightweight vehicle engine that utilizes a cylinder
block of cast aluminum, as compared to the material-level environmental impacts of a traditional vehicle
engine that uses a cast iron cylinder block. Although both are part of the vehicle engine product category,
this example is used to help demonstrate the substantial impact differential that results from design
decisions, as discussed further in Section 5.2. It should be noted that this assessment does not include the
entire life-cycle of the vehicle parts, and therefore does not reflect production-level impacts or fuelefficiency related advantages of the cast aluminum engine cylinder block that are further documented in
life-cycle analysis literature (Kim et al. 2010, Lewis, Kelly, and Keoleian 2014).
Table 42: USA traditional vehicle engine product-level material efficiency, energy and emissions impacts

Traditional Vehicle Engine (Cast Iron Cylinder Block)

Represented Product Wt. (kg):

New Material Inputs by Process and Material
(kg/unit)

Steel

Cast Iron

Copper

Aluminum

TOTAL

108.5

Embodied
Material
Energy
(MJ/kg)

Embodied Material
Emissions
(kgCO2-eq./kg)

TOTAL

TOTAL

OEM New

11.2

93.5

-

20.0

124.8

5,669.8

389.8

Reman

1.8

1.8

-

1.8

5.4

353.7

22.4

Refurb

-

-

-

-

-

-

-

Repair

0.0

0.2

-

0.3

0.5

50.4

3.1

Arranging direct
reuse

0.0

0.0

-

0.0

0.0

0.0

0.0
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Table 43: USA lightweight vehicle engine product-level material efficiency, energy and emissions impacts

Lightweight Vehicle Engine (Aluminum Cylinder Block)51 Represented Product Wt. (kg):
New Material Inputs by Process and Material
(kg/unit)

Steel

Cast Iron

Copper

Aluminum

TOTAL

89.9

Embodied
Material
Energy
(MJ/kg)

Embodied Material
Emissions
(kgCO2-eq./kg)

TOTAL

TOTAL

OEM New

11.2

30.7

-

61.4

103.3

10,516.0

641.5

Reman

1.7

0.7

-

2.4

4.8

417.6

25.5

Refurb

-

-

-

-

-

-

-

Repair

0.0

0.2

-

0.3

0.5

50.4

3.1

Arranging direct
reuse

0.0

0.0

-

0.0

0.0

0.0

0.0

Based on the averages for the aggregated case study products for the vehicle parts sector, impact reduction
potential assuming 100% traditional engines (cast iron cylinder blocks) for each process ranges as shown
in Figure 30. In comparison, Figure 31 reflects the average material-level impacts for case study vehicle
parts, assuming 100% lightweight engine (aluminum cylinder blocks). As mentioned previously, rigorous
life cycle data for production processes and use-phases were not completed for the lightweight vehicle
engine, and instead the focus is on the material-level impacts of the use of an aluminum cylinder block
versus a traditional cast iron cylinder block. Please note that process energy and process emissions results
are inclusive of electricity generation supply chain, including efficiency and losses.

51

The lightweight vehicle engine BOM is assumed to be consistent with that of the traditional vehicle engine BOM,
with the exception of the cylinder block, which was exchanged for an aluminum one (lesser component weight) for
this illustrative analysis.
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Figure 30: Impact reduction potential for USA via value-retention processes for vehicle parts production with
100% cast iron engines

Figure 31: Material-level impact reduction potential for USA via value-retention process for vehicle parts
with 100% lightweight engines
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3.1.3 Heavy-Duty and Off-Road (HDOR) Equipment Parts
Results for HDOR parts sector case study products are reflected in Table 44 through Table 46. the
complexity and comprehensive nature of the Bill of Materials associated with these case study products, a
minimum of 80% of the product’s weight is represented in the analysis; in many cases greater than 80% by
weight is reflected. The differential between represented product weight and the weight of total new
material inputs reflects production process waste and recycling; in other words, material inputs which are
not part of the finished product.
Table 44: USA HDOR engine product-level material efficiency, energy and emissions impacts

HDOR Engine

Represented Product Weight (kg):
New Material Inputs by Process and Material
(kg/unit)
Cast
Iron

Steel

Copper

Aluminum

Brass

TOTAL

11,787.0

Embodied
Material
Energy
(MJ/kg)

Embodied
Material
Emissions
(kgCO2-eq./kg)

TOTAL

TOTAL

OEM New

3,539.2

7,304.8

-

-

-

10,844.1

253,759.2

19,996.1

Reman

641.9

1,563.4

-

-

-

2,205.3

51,988.2

4,110.9

Comp. Refurb

332.8

1,746.8

-

-

-

2,079.6

50,359.9

4,031.9

Repair

83.9

626.5

-

-

-

710.4

17,349.5

1,394.3

Arranging
direct reuse

0.0

0.0

-

-

-

0.0

0.0

0.0

Table 45: USA HDOR alternator product-level material efficiency, energy and emissions impacts

HDOR Alternator

Represented Product Weight (kg):
New Material Inputs by Process and Material
(kg/unit)

Steel

Cast Iron

Copper

Aluminum

Brass

TOTAL

41.4

Embodied
Material
Energy
(MJ/kg)

Embodied
Material
Emissions
(kgCO2eq./kg)

TOTAL

TOTAL

OEM New

9.9

19.9

6.6

0.0

-

36.4

976.7

72.9

Reman

1.0

2.0

0.7

0.0

-

3.7

99.1

7.4

Comp. Refurb

-

-

-

-

-

0.0

0.0

0.0

Repair

0.5

0.0

0.6

0.0

-

1.1

35.0

2.3

Arranging
direct reuse

0.0

0.0

0.0

0.0

-

0.0

0.0

0.0
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Table 46: USA HDOR turbocharger product-level material efficiency, energy and emissions impacts

HDOR Turbocharger

Represented Product Weight (kg):
New Material Inputs by Process and Material
(kg/unit)

Steel

Cast Iron

Copper

Aluminum

Brass

TOTAL

57.8

Embodied
Material
Energy
(MJ/kg)

Embodied
Material
Emissions
(kgCO2-eq./kg)

TOTAL

TOTAL

OEM New

2.6

47.7

-

-

0.6

50.9

1,269.4

102.1

Reman

0.5

5.0

-

-

0.1

5.5

138.2

11.0

Comp. Refurb

-

-

-

-

-

0.0

0.0

0.0

Repair

0.0

0.0

-

-

0.6

0.6

24.2

1.5

Arranging
direct reuse

0.0

0.0

-

-

0.0

0.0

0.0

0.0

Based on the averages for these case study products for the heavy-duty and off-road equipment parts sector,
impact reduction potential for each process ranges as shown in Figure 32. Please note that process energy
and process emissions results are inclusive of electricity generation supply chain, including efficiency and
losses.

Figure 32: Impact reduction potential for USA via value-retention processes for HDOR parts production
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3.2 Economic Advantages of Value-Retention Processes at the Product-Level
As discussed in Section 1.6, the absolute product-level benefits achieved through circular production
models, although clearly demonstrative of the value of VRPs relative to OEM New production, must be
considered in the context of the value and utility created. The case study product results presented in the
preceding sections reflect quantified per-unit process benefits in terms of material and energy use, as well
as emissions generation.
In absolute terms, VRPs enable reduction in environmental impacts from 60% to 99% of OEM New when
looking at a single process cycle. The economic considerations of VRPs at the product level are also highly
relevant to the discussion of impacts and benefits that become possible through the use of VRPs in the
pursuit of circular economy.
However, as emphasized before, full service life and partial service life VRPs are undertaken for different
reasons and enable different impact opportunities. As such, the product-level labor opportunity, production
waste (includes scrap recyclable process byproduct), and cost advantages for select case study products
were assessed and evaluated for case study industrial digital printing press #2 (Refer to Figure 33 and Figure
34) case study vehicle engine (Refer to Figure 35, and Figure 36), and case study HDOR engine (Refer to
Figure 37 and Figure 38). Please note the change in scale in the vertical axes across each of these figures.
These product-level results are presented relative to the OEM New version of the same product. As such,
the higher relative values for employment opportunity observed for remanufactured, comprehensive
refurbishment, and refurbishment in Figure 33, Figure 35, and Figure 37 reflect the greater number of labor
hours, and therefore full-time labor requirement of these VRP processes relative to the OEM New process.
In contrast, relative cost for VRPs is lower than for OEM New across Figure 33 through Figure 38,
reflecting the cost reduction (discount) for the customer.
More detailed discussion and reflection on these product-level findings are presented subsequently in
Sections3.2.1, 3.2.2, and 3.2.3.
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Figure 33: Employment opportunity, cost advantage, and production waste reduction via full service life
VRPs for case study industrial digital printers

As shown in Figure 33, relative to a single-unit of the OEM New industrial digital printing press #2, the
full service life VRPs of remanufacturing and comprehensive refurbishment offer a reduced cost to the
customer, significantly reduced production waste, and an increased requirement for skilled labor which may
create a relative employment opportunity.

Figure 34: Employment opportunity, cost advantage, and production waste reduction via partial service life
VRPs for case study industrial digital printers

Partial service life VRPs offer an alternative set of value-retention options for the customer that emphasize
a significantly reduced cost, and almost no production waste generation (Refer to Figure 34). As expected,
these less-intensive processes require fewer labor hours. Repair activities do generate a positive
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employment opportunity; however, it is significantly less than the labor required to produce an OEM New
version of the product. Arranging direct reuse activities require labor to facilitate the reverse-logistics of
the product, however as the actual process of direct reuse does not require labor, it is not reflected in this
assessment. As a reminder, requirements of collection infrastructure were beyond the scope of this study
(Please refer to Section 2.5 for a more comprehensive discussion on limitations).

Figure 35: Employment opportunity, cost advantage, and production waste reduction via full service life
VRPs for case study vehicle parts

Figure 36: Employment opportunity, cost advantage, and production waste reduction via partial service life
VRPs for case study vehicle parts
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As shown in Figure 35 and Figure 36, the relative product-level economic opportunities of full service life
and partial service life VRPs for case study vehicle engines are similar to what was observed for industrial
digital printers: cost reduction across all VRPs relative to OEM New; production waste reduction across all
VRPs relative to OEM New; and a significant increase in employment opportunity resulting from
remanufacturing (a full service life VRP). These findings were also replicated for case study HDOR
engines, as shown in Figure 37 and Figure 38.
As

Figure 37: Employment opportunity, cost advantage, and production waste reduction via full service life
VRPs for case study HDOR equipment parts

Figure 38: Employment opportunity, cost advantage, and production waste reduction via partial service life
VRPs for case study HDOR equipment parts
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3.2.1 Production Cost Advantages of Value-Retention Processes
Significant cost advantages (reductions) are made possible through VRPs, as a large share of costs to the
producer are offset by the reduced requirement for new input materials and associated processing costs. In
addition, for some products and sectors, process energy-related costs can be significantly reduced through
a reduction in the number of processing stages and activities, which may be offset by more manual
activities, such as the disassembly and product quality-testing stages required in a remanufacturing process.
Cost advantages of VRPs range, conservatively, between 15% and 80% of the cost of an OEM New version
of the product, with the lowest cost option enabled via repair for partial service life VRPs, and
comprehensive refurbishment for full service life VRPs. Once again, while every VRP offers a cost
advantage (reduction) in comparison to the OEM New option, the preferred VRP option may depend on
the priorities and economic situation of the customer or user.
The cost advantages shown in these figures reflects commercial pricing, and as such represent the most
conservative cost advantage: Inherent to these prices is additional profit margin that may be built into the
price by the VRP producer based on their own objectives. Given this, the actual cost advantage to the
producer may be significantly more than what is passed on to the customer; however, at the very least, price
discounting remains an effective competitive strategy for VRP producers, as discussed in Section 1.7.1.3

3.2.2 Employment Opportunities through Value-Retention Processes
The requirement for potentially more manual VRP production processes, and a necessary level of labor
force skills, highlights the employment opportunity inherent in VRPs. While the cost of labor remains a
significant share of total production costs in all manufacturing activity, in the case of VRP labor the
additional cost is typically more than offset by the relative reduction in materials, utilities, and other
overhead and operating costs. In the case of remanufactured products, a significant increase in full-time
labor requirement is observed, and at the same time, remanufacturers are typically able to offer a consistent
cost advantage to potential customers. In other words, while the cost of labor for remanufacturing may be
a relatively higher share of the remanufacturer’s total production costs vs. the traditional OEM, the other
production cost advantages that are created typically more than cover the potential increase in associated
labor costs.
It is important to note that the employment opportunity is not equal across all VRPs: In fact, only
remanufacturing, and to some degree comprehensive refurbishment, offer greater full-time employment
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opportunity relative to traditional OEM New production. In economies with a relatively higher share of
arranging direct reuse, and repair activities, there may be a relative reduction in employment opportunity.
From the perspective of policy-makers, it is essential to note that, in addition to the per-unit environmental
benefits described in Section 3.1, and the economic advantages described in Figure 33, Figure 35, and
Figure 37, , full service life VRPs including remanufacturing and comprehensive refurbishment offer
significantly higher opportunity to increase employment levels, creating additional direct and secondary
economic benefits within an economy. Thus, as the production share of remanufacturing and refurbishment
are increased, a corresponding increase in full-time employment opportunities is possible.

3.2.3 Production Waste Reduction through Value-Retention Processes
A corollary to the reduction in new material requirement that can be achieved by VRPs’ is the reduction in
production wastes and recyclable by-products materials. As can be seen in Figure 33 through Figure 38,
every VRP offers some degree of reduced production waste for which there is little diversion or collection
potential: where arranging direct reuse requires no new material inputs, and therefore no additional
production wastes, even remanufacturing – a process which serves to increases value-retention and product
utility through a full additional new life – creates production waste reduction potential that ranges between
90% (industrial digital printers) and 95% (vehicle parts) for these case study sectors.
The decrease in the volume of production waste and recyclables is first and foremost an economic
opportunity associated with increased adoption of VRPs: not only do high quantities of production waste
indicate that there is value within the system that is currently being lost (e.g. not being utilized at its highest
potential) through design, technological and/or other forms of process inefficiency; but there are also
operating costs associated with that waste production that must be borne by the producer, including storage,
hauling and tipping fees.
While the product-level analysis and insights provide essential information and context for the discussion
of circular economy potential and implementation, the context of the economies in which these activities
are undertaken is also significant and integral to the development of strategies for circular economy. The
following section continues this effort, applying these product-level insights to the aggregate context and
conditions of actual economies.

3.3 Product-Level Opportunities in Other Sectors
As discussed, the intersection of circular economy and VRPs necessitates a focus on case study products
that consisted predominately of technical (inorganic and synthetic material) nutrients, and for which
136

multiple types of VRPs are undertaken. These scope requirements suggest a bias towards industrial products
that are sold into business-to-business (B2B) marketplaces. However, VRPs can offer marginal productlevel benefits across other products and sectors that are less industrial in nature, and/or that are more
consumer-facing (e.g. business-to-consumer, or B2C)
The following sections discuss the VRP implications for several additional products. It is important to note
that the products presented here do not represent the entirety of all products; they have been included to
reflect on a broader range of product types, primary users, markets, as they relate to the potential for
adopting VRPs.
These assessments highlight the importance of considering the nature and design of both product and
product-system prior to engaging in VRPs, as discussed in more detail in Section 5.2.4.

3.3.1 Inkjet Printer Cartridges
When products reach EOU some consumers/users/customers may be motivated to pursue options for
extending the service life of a product. Especially in the case of consumer products, consumers may lack
the necessary information to know which option to pursue, and the consumer’s behavior can influence the
magnitude of any environmental savings that might be achieved. (Krystofik, Babbitt, and Gaustad 2014)
This is particularly true in the case of inkjet printer cartridges, where customer attitudes can affect whether
an OEM New or remanufactured product is purchased in the first instance; and at EOU, consumer behaviors
can affect whether cartridge refills are undertaken, and the implications of the subsequent refill
transportation requirements.
Although there are several life cycle assessments for printer cartridges in the literature (Four Elements
Consulting LLC 2008, Gutowski et al. 2011, Krystofik, Babbitt, and Gaustad 2014, Pollock and Coulon
1996), very few focus on the life cycle impact differential enabled by alternative EOU options. In the case
of inkjet printer cartridges two VRP options are commonly available in industrialized economies: cartridge
refilling (arranging direct reuse), and remanufacturing. (International Imaging Technology Council 2006,
Krystofik, Babbitt, and Gaustad 2014, Pollock and Coulon 1996)
Krystofik, Babbitt, and Gaustad (2014) observed impact at the service life level rather than the number of
printed pages, finding that satisfying five service lives (including use-phase energy) using remanufactured
printer cartridges (vs. five OEM New cartridges) offered a 37% reduction in GWP impact (kgCO2-eq.) and
~50% reduction in cumulative energy demand (CED, MJ), In contrast, one OEM New cartridge, refilled
four times offered a 76% reduction in GWP impact (kgCO2-eq.) and ~48% reduction in cumulative energy
demand (CED) for the first refill. (Krystofik, Babbitt, and Gaustad 2014, 1139 and 1143) In these
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assessments, uncertainties related to consumer refill transportation requirements and practices were
considered and incorporated.
Findings by Four Elements Consulting LLC (2008) presented a slightly different perspective. Looking
specifically at the production phase of the life cycle, remanufacturing presented a 7% reduction in GWP
impacts, a 4% reduction in primary energy, and a 7% reduction in total waste when compared to OEM New
production. However, when incorporated with use-phase performance efficiency changes and EOL, these
results inverted: the remanufactured printer cartridge incurred a GWP impact increase of 6%, a primary
energy increase of 9%, and total waste increase of 37.5% compared to the OEM New product. (Four
Elements Consulting LLC 2008, 13) Findings by Gutowski et al. (2011, 4545) identified similar use-phase
implications: A refilled toner cartridge offered a 6% energy savings over the OEM New option, assuming
that the refilled cartridge performed as new; however, accounting for performance changes, this savings
would be offset, potentially incurring an increase in energy requirements.

3.3.2 Office Furniture Systems
Although the purchase transaction of office furniture systems (e.g. interconnected cubicle panels, work
surface, and cabinet components) typically occurs at the B2B-level, it is the everyday user who interacts
with the office furniture system. As such, performance expectations of VRP office furniture systems is
necessarily high. In practice, repair and maintenance of office furniture systems is typically included under
the OEM warranty; arranging direct reuse is not formally undertaken, however remanufacturing of office
furniture systems is becoming increasingly common. (Next Manufacturing Revolution 2014, Technavio
Research 2016)
Similar to printer cartridges, there are several life cycle assessments for office furniture systems in the
literature (Dietz 2005), with some of these specifically focused on the comparative environmental impact
differences between the OEM New and remanufactured options (Center of Excellence in Advanced &
Sustainable Manufacturing 2016, Krystofik et al. 2017, National Center for Remanufacturing and Resource
Recovery 2005, Sahni et al. 2010)
Given the high-share of technical nutrients and low use-phase energy requirement of office furniture
systems, it is logical that each of these studies found varying degrees of environmental impact reduction
tied to the remanufacture of office furniture systems: Aligned with findings by Sahni et al. (2010), Krystofik
et al. (2017) found an 82% reduction in GWP impacts (kgCO2-eq.) and an 83% reduction in CED (MJ) in
each of the two remanufacturing service lives assessed, relative to the OEM New product. The National
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Center for Remanufacturing and Resource Recovery (2005) found a 40% reduction in waste generation
enabled via office furniture remanufacturing.

3.3.3 Mobile (Cellular) Phones
Increasingly, consumer electronic products are the focus of environmental impact discussions: not only do
these products contain toxic, and valuable materials that should be appropriately managed; global demand
for internet-connected devices, including mobile phones, is increasing dramatically each year. (IDC 2016,
Waring 2014) Given wide-spread consensus that landfill is not an acceptable form of EOU management
for mobile phones, as evidenced by e-waste recycling programs around the world, the importance of
enabling improved EOU options for mobile phones is logical. (Conference of the Parties to the Basel
Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal 2014,
Geyer and Blass 2010, Hardin and Stone 2012, King and Burgess 2005, Ontario Electronic Stewardship
2009)
Some environmental impact and life cycle assessments of mobile phones exist in the literature with the
most typical VRP option of refurbishment assessed comparative to an OEM New option (Fehske et al.
2011, Moberg et al. 2014, Yu, Williams, and Ju 2010, Zink et al. 2014). Zink et al. (2014, 1106) found that
in direct comparison (excluding a break-even analysis), the refurbished mobile phone presented the
potential for a 55% reduction in GWP impact (kgCO2-eq.) relative to the OEM New product.
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3.4 Economy-Level Analysis & Opportunities via Value-Retention Processes
3.4.1 Overview of Analysis Approach
A primary objective of this study is to understand the benefits, through impacts avoided, of increasing the
adoption of VRPs within economic production activities. As such, results and analysis are presented for the
most part, in aggregate format contrasting the impacts (and impacts avoided) between OEM New
production, and the cumulative VRP activity level for each case study sector within each studied economy.
Where appropriate, and to provide an understanding of the approach, additional clarifying examples of
simulation over time (e.g. over seven years), and the substantiating data behind aggregated results are
provided.
It should be noted that production levels reflect the aggregated production volume in an economy, which
may be supplied into the domestic market, or may be exported. Total domestic production may be different
from domestic market demand levels: In some cases, domestic production may be lower than domestic
demand, with the differential supply requirement being met by imported units; In cases where domestic
production exceeds domestic demand, the implication is that there is a substantial quantity of finished units
being exported to other markets. (Please refer to Figure 14)
The calculation of total environmental impacts includes the direct environmental production impacts that
result from domestic production levels, including exported units; it also includes the indirect environmental
production impacts that are associated with the production of OEM New and VRP products in other
economies. This approach ensures that the environmental impacts are appropriately allocated to the
consuming economy alongside the direct environmental impacts that contribute to the domestic economy.
In addition to presenting analysis of the current state impacts (via Status Quo scenario), the additional
Standard Open Market for VRP Products and Theoretical High for VRP Products scenarios data are
included to highlight the opportunity and implications of alleviating barriers to VRPs. As each of the
represented economies face differing conditions and constraints, the opportunities and implications for both
policy makers and corporate decision-makers will necessarily differ.
As previously described, the Theoretical High scenario reflects ideal conditions in which adoption of VRPs
reflects the production shares and market adoption observed for the optimized Theoretical High USA
scenario. The purpose for this ideal scenario is to demonstrate what might be possible if, through jointeffort and collaboration, stakeholders in an economy were able to immediately alleviate the primary barriers
constraining VRP adoption.
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The following sections illustrate this analysis, organized by case study sector: Industrial Digital Printers;
Vehicle Parts; and HDOR Equipment parts. It is important to note that some observations, for example,
those driven by an overarching condition of an economy, may be applicable across all sectors; other
observations may be sector-specific, and/or even process specific.

3.4.2 Context of Analysis
An unavoidable consequence of economic growth is the increased consumption, to some degree, of
materials and resources. As production levels rise within an economy – either to meet domestic or
international demand—the requirement for energy, labor, and material inputs, and the generation of
emissions and solid waste will also rise. The projected growth rates for the represented sectors are based
on compound annual growth rates (CAGR) of actual past five-year performance within each economy.
The primary objective of increasing the scale of VRPs within an economy’s production system is to enable
an increasing rate of economic growth and prosperity, alongside a relatively decreasing rate of materials
and resource consumption. In the absence of any improvements to material or production process
efficiency, the rate of input consumption and the rate of waste and emissions generations will parallel the
rate of change to the production level. Logically, in this way growing customer demand within a specific
market will require greater quantities of material and energy inputs to production; a shrinking or stagnating
product market will likewise reduce the quantity of material and energy inputs and wastes generated.
However, given economic and human prosperity objectives tied heavily to economic growth, the pursuit of
more sustainable production systems cannot rely on de-growth strategies. This is particularly meaningful
in the context of developing/newly industrialized markets in which middle class population and associated
consumption patterns are increasing.
The pursuit of material efficiency and production efficiency can be achieved by decreasing the per-unit
requirements and impacts of production where the rate of increase in materials and energy consumption,
and waste and emissions generation is decoupled from production growth. A key strategy in the pursuit of
reduced per-unit impacts of production is the increased scale and adoption of VRPs that effectively offset
input requirement and waste generation, without compromising the ability of the economy to grow.
The barriers to VRPs discussed in Section 1.7 are complex, interconnected, and vary from one country to
another. Despite this complexity, it must be acknowledged that the alleviation of these barriers represents
the proverbial ‘low-hanging fruit’ opportunities when considered in the context of the more massive global
system overhaul and redesign that will be needed to more fully respond to the reality of finite resources and
fast-approaching maximum carrying capacity of the planet. Even if all known barriers to VRPs were
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alleviated tomorrow, more substantial changes related to consumption behavior, product design, collection
infrastructure, financial market and corporate rewards systems are required to sufficiently respond to the
planet’s constrained systems.
In the meantime, insights and strategic options are needed to support and enable policy makers and industry
decision-makers to begin planning and implementing towards the desired future state. There are key
differences in the priorities, opportunities, and ideal strategies for developed/industrialized vs.
developing/newly industrialized economies.

3.4.3 Analysis of Industrial Digital Printers Sectors
The industrial digital printing subsector (high-volume commercial digital printers) consists of companies
that produce imaging technology systems, part modules, replaceable components, and consumable colorant
cartridges. These companies primarily focus on imaging products that use toner or ink as the print material.
There is a significant subsector encompassing independent, contract, and OEM organizations that provide
alternatives to new products. Industrial digital printers are unique among the case study products because
they are designed with VRPs in mind, as discussed further in Section 5.2.
Although there are only a few producers of industrial digital printers worldwide that engage in VRPs
including arranging direct reuse, refurbishment and remanufacturing, these producers represent a
significant share of the global market and have well established global infrastructure to support the growth
of demand for VRP industrial digital printers.
3.4.3.1

Industrial Digital Printer Production Levels

Production levels refer to the output volume of domestic producers and includes the total number of units
supplied into the domestic market, as well as the total units exported to other markets. The estimated
production levels of industrial digital printers, by OEM New and VRP production types, and by economy,
are presented in Figure 39 through Figure 42. Also shown are estimated total domestic market demand
levels for each economy, which are indicative of the relative levels of imported products to supply domestic
demand.
The industrial digital printer sector in the USA has progressed dramatically in terms of adoption of VRPs
within the production mix (See Figure 39). Led by a few key market leaders that are based in the USA,
there is great opportunity for material efficiency and impact reduction through VRPs. Please note that,
since the Standard Open Market for VRP Products scenario is reflective of USA conditions, there is no
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change to USA production levels and associated production impacts between the Status Quo and Standard
Open Market for VRP Products scenarios.

Figure 39: Estimated USA production of industrial digital printers relative to estimated demand in USA

Germany also shows a meaningful share of remanufacturing activity in the Status Quo scenario, although
production activities currently emphasize OEM New production (See Figure 40). In contrast, Brazil and
China each have a lesser share of VRP production for these products in the Status Quo scenario. In Brazil,
regulatory

barriers constrain the movement of industrial digital printer cores into the country for

remanufacturing or comprehensive refurbishment (See Figure 41); In China, this lower VRP share is
largely due to regulatory conditions that do not allow for unconstrained remanufacturing and refurbishment
of industrial digital printers (See Figure 42). (U.S. International Trade Commission 2012)
Production levels are a very important aspect of this analysis, as it is the production level that significantly
informs the associated impacts of production, including process-based material requirement, process energy
requirement, and associated process emissions. These process-based impacts are importantly differentiated
from materials-based impacts. While the embodied materials energy and emissions associated with all case
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study products, based on their material composition, reflects a global average, the process-based energy
and emissions are reflective of the economy, and corresponding energy-production grid, in which
production takes place.
The alleviation of some of the regulatory, technological and market-based barriers under the Standard Open
Market suggest that the uptake of VRP production may lead to increased share of the production mix, over
time, for industrial economies facing significant regulatory and other barriers (See Figure 41 and Figure
42). However, adoption rates can be constrained by the starting share of VRPs: where relatively low (high),
growth of the VRP production mix share occurs more slowly (quickly).

Figure 40: Estimated Germany production of industrial digital printers relative to estimated demand in
Germany

This is further evidenced by the impact of an imposed higher production share via the Theoretical High
scenario, where combined with the alleviation of other systemic barriers, VRP production levels increase
significantly in previously constrained economies (Figure 41 and Figure 42).
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Figure 41: Estimated Brazil production of industrial digital printers relative to estimated demand in Brazil
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Figure 42: Estimated China production of industrial digital printers relative to estimated demand in China

3.4.3.2

Analysis of Material-Level Impacts from Industrial Digital Printer Production

The production level and growth rates of production in each economy and scenario both inform and affect
the associated impacts that are of interest to this study. The material impacts of production are presented in
Figure 48 through Figure 51, however a demonstrative example of the aggregation approach is provided
first, in this section, and in Section 3.4.3.3.
Aggregated production is simulated over a seven-year period, and the associated impacts are calculated
accordingly. New materials both used and avoided through the incorporation of industrial digital printer
remanufacturing for each of the seven-years, across all three scenarios is depicted in Figure 43, while Figure
44 highlights just the quantity of new materials avoided over the same period and scenarios.
New material avoided is a representation of material offset that is enabled through VRPs: In other words,
the reuse of materials and components (sometimes referred to as ‘cores’) as part of VRP production
activities inherently reduces the need for the equivalent quantity of new materials. This ‘new material
avoided’ measure reflects the difference in the quantity of new material that would have been required if
100% of an economy’s production was via linear OEM New processes. This can also be considered as the
quantity of ‘material saved’ because of VRP production activities within an economy.
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Figure 43: Estimated aggregated new material used and avoided via USA remanufacturing of industrial
digital printers

Figure 44: Estimated aggregated new material avoided via USA remanufacturing of industrial digital
printers
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As seen from Figure 43 and Figure 44, the remanufacturing of industrial digital printers taking place in the
USA is responsible for significant reduction in new material requirements, which are offset by the reuse of
product cores in the remanufacturing process.
3.4.3.3

Aggregation of Impacts from Industrial Digital Printer Production

From the absolute material, energy and emissions data generated over the seven-year simulation, an
aggregate value for the entire period is calculated. Figure 45 describes, as an example, the cumulative new
material that is both used and avoided, when comparing USA industrial digital printer production via OEM
New vs. remanufacturing processes. Given the significant presence of VRP production in the USA
marketplace, the material-avoided through remanufacturing is significant. It is also important to note that
remanufacturing does require the use of some new material inputs as part of the process described in the
previous sections. Under each of the scenarios, it can be seen that through remanufacturing (as only one
example of VRPs), production-level growth (and the economic growth and prosperity inherent to such
growth) can occur, without parallel growth in new material requirement.

Figure 45: Comparison of new material used and avoided via USA remanufacturing of industrial digital
printers

Similarly, the aggregated energy and emissions impacts of USA industrial printer production are reflected
in Figure 46 and Figure 47. These values were determined utilizing the same approach as was used to assess
new material requirement and new material avoided.
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From the aggregate results presented in Figure 46 (energy impact) and Figure 47 (emissions impact), for
industrial digital printers, the most significant impacts derive from the embodied material energy and
embodied material emissions associated with the extraction and primary processing of production-input
materials. Both of these figures compare the aggregate impacts of OEM New production and aggregate
impacts of VRP production in each scenario for the USA.
It is worth noting that the high value for aggregated embodied materials energy for industrial digital printers
(and potentially other electronic equipment) is largely driven by the presence of printed circuit boards in
the product, which significantly affects the aggregate embodied energy use reflected in Figure 46 (Please
refer to Table 37, Table 38, and Table 39 for detailed unit-level impacts; additional details on the embodied
energy implications of printed circuit boards can be found in Table 6.

Figure 46: Estimated aggregate embodied and process-based energy for USA production of industrial digital
printers
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Figure 47: Estimated aggregate embodied and process-based emissions for USA production of industrial
digital printers

Given this, potentially the greatest benefit created via VRPs for industrial digital printers is the offset of
new material requirement, and the reduction in associated embodied material energy and embodied material
emissions. This insight is further observed across all sample economies, as presented in the next section.
3.4.3.4

Industrial Digital Printers Sector: Impacts Avoided through Value-Retention Processes

Using the approach described in Sections 3.4.3.2 and 3.4.3.3, the aggregated impacts that are avoided in
each economy as a result of VRP industrial digital printers produced domestically and imported are
estimated and presented in Figure 48 (USA), Figure 49 (Germany), Figure 50 (Brazil), and Figure 51
(China). For each of these figures, estimated production and import levels of VRP industrial digital printers
are depicted in panel (a); estimated material use avoided as a result of VRP production are depicted in panel
(b); estimated embodied and process energy use avoided as a result of VRP production are depicted in panel
(c); and estimated embodied and process emissions avoided as a result of VRP production are depicted in
panel (d).
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Figure 48: Estimated aggregate impacts avoided via USA industrial digital printer production with valueretention processes

In review of these results, it is important to note the differing scales: Not only do production levels vary
significantly across these economies, but the factors influencing the associated impacts of production (e.g.
the efficiency of energy production, transmission and distribution, and the energy production grid-mix) also
vary significantly.
As demonstrated at the product-level, the high levels of embodied material energy avoided in every
economy, relative to process energy avoided (See Figure 48 through Figure 51), is largely driven by the
significant impact of reuse of printed circuit boards.
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Figure 49: Estimated aggregate impacts avoided via Germany industrial digital printer production with
value-retention process

It is also important to note the conditions of the Standard Open Market scenario and the Theoretical High
scenario. The slight reduction in impact avoidance observed for Germany (See Figure 49, panels b, c, and
d) and China (See Figure 51, panels b, c, and d) between the Status Quo and the Standard Open Market
scenarios is attributed to two primary causes: The effect of modified import shares which may reduce the
domestic production requirement, and thus the impacts of domestic production, and the effect of a changing
production process mix, wherein the displacement of lower-impact partial service life VRPs by higherimpact full service life VRPs may actually marginally increase the new material requirement, and associated
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material and process impacts (See Theoretical High scenarios for Germany and China, in Figure 49 and
Figure 51, respectively).

Figure 50: Estimated aggregate impacts avoided via Brazil industrial digital printer production with valueretention processes
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Figure 51: Estimated aggregate impacts avoided via China industrial digital printer production with valueretention process

From this analysis, there are significant opportunities to reduce the environmental burden and impacts
associated with the growth of the market for VRP industrial digital printers across all economies. While the
greatest benefits stem from the avoided embodied material energy and embodied material emissions
associated with raw material extraction and processing, there is also a significant reduction in the per-unit
requirements and impacts, on average, when demand can be partially met through VRP production. While
the results of the Theoretical High for VRP Products scenario are unrealistic in the short-term, decisive and
strategic action to alleviate barriers to VRPs in the industrial digital printer sector can only enhance the
contribution of VRPs towards the circular economy.
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It should be noted that the imposed presence of full service life VRPs in the Theoretical High scenarios for
Brazil (Figure 50) and China (Figure 51) effectively displace the current high adoption levels of formal and
informal lower-impact partial service life VRPs of repair and direct reuse. For less- and non-industrialized
economies where partial service life VRPs (namely, repair) are the dominant form of value-retention within
the economy, the adoption of higher-impact full service life VRPs may be unrealistic in the short-term and
may also lead to unintended negative environmental consequences in the mid- to long-term, as discussed
further in Section 5.3.2.
It must also be acknowledged that the potential for reduction in negative environmental impact between the
Status Quo and Standard Open Market Scenarios across the sample economies appears to be minimal: This
is the result of the scenario assumptions for which barriers to VRPs are alleviated, but adoption rates of
VRPs reflect actual current state conditions of the economy. This insight is particularly important, as it
firmly highlights that the passive alleviation of barriers can only achieve marginal improvements in impact
reduction: increasing adoption rates of VRPs within an economy’s production mix through policy and
market-based instruments remains a critical element of any circular economy strategy that seeks reduction
in negative environmental impact (Refer to Section 5.4).
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3.4.4 Analysis of Vehicle Parts Sector
The automotive parts industry is one of the world’s largest markets for VRPs. This sector includes
companies that process components for production light duty cars and trucks, and for medium and heavy
commercial vehicles. The sector encompasses independent, contract, and OEM organizations, as well as
the supply chain that provides the reverse logistics of cores from EOL vehicles. The products for which
VRPs are currently employed include engines, transmissions, starters, alternators, steering racks, and
clutches (U.S. International Trade Commission 2012).
VRP production of vehicle parts has been occurring in markets around the world for decades; as such,
remanufacturing is a more familiar VRP opportunity for the vehicle parts industry and their customers.
Particularly for heavily mechanical (vs. electrical) vehicle parts, such as those included as case study
products, remanufacturing is a familiar option in markets where VRP products are permitted.
3.4.4.1

Vehicle Parts Production Levels

The estimated production levels of vehicle parts, by OEM New and VRP production types, and by economy,
are presented in Figure 52 through Figure 55. Also shown are estimated total domestic market demand
levels for each economy, which are indicative of the relative levels of imported products to supply domestic
demand, and/or exported products.
The vehicle parts sector in the USA has progressed dramatically in terms of adoption of VRPs within the
production mix (See Figure 52). Although currently at a relatively low production share in the USA, there
is great opportunity for material efficiency and impact reduction through VRPs. In the USA, a primary
barrier to growth of VRPs for vehicle parts is the competition presented by low-priced imports from other
economies. In general, the USA’s high import level of vehicle parts significantly constrains the growth of
domestic VRP activity. This study does not consider changes to the import ratios for the USA market; so,
while VRP production of vehicle parts remains fairly consistent, even under the Theoretical High for VRP
Products scenario, it should be assumed that an increasing presence of competitively-priced domesticallyremanufactured options may disrupt the current competitive market and may lead to increased domestic
VRP production as a result.
In contrast to the USA, Germany, Brazil and China have a lesser share of VRP production in the current
state due to the presence of some constraining conditions. In the case of Brazil, market growth (CAGR
2012 – 2014) in the relevant Status Quo scenario period was negative.
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Please note that, since the Standard Open Market for VRP Products scenario is reflective of some of the
USA conditions, there is no change to USA production levels and associated production impacts between
the Status Quo and Standard Open Market scenarios.

Figure 52: Estimated USA production of vehicle parts relative to estimated demand in USA
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Figure 53: Estimated Germany production of vehicle parts relative to estimated demand in Germany

As shown in Figure 54, the model assumes the current (declining) market growth rates in case study vehicle
parts production occurring in Brazil; Declining total production levels over time also contributes the
adoption of VRPs within the production mix, and the absolute reduction of negative environmental impacts,
as presented Figure 66.
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Figure 54: Estimated Brazil production of vehicle parts relative to estimated demand in Brazil

It is important to note that the displacement of lower-impact partial service life VRPs with higher-impact
full service life VRPs in the Theoretical High scenarios for Brazil (See Figure 54) and China (See Figure
55) reflects an unrealistic transition away from more common repair and direct reuse activities. The
decrease in potentially avoided impacts that result from such a transition are demonstrated in Figure 66
and Figure 67, and discussed in greater detail in Section 3.4.4.5.
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Figure 55: Estimated China production of vehicle parts relative to estimated demand in China

3.4.4.2

Analysis of Material-Level Impacts from Vehicle Parts Production

The production level and growth rates of production in each economy and scenario both inform and affect
the associated impacts that are of interest to this study. The impacts of production are presented in Figure
56 through Figure 67, however a demonstrative example of the aggregation approach is provided in this
section, and in Section 3.4.4.3. These results assume that 100% of vehicle engines in an economy are
traditional, utilizing cast iron cylinder blocks.
Once again, aggregated production is simulated over a seven-year period, and the associated impacts are
calculated accordingly. Figure 56 depicts the new materials both used and avoided through the
incorporation of vehicle parts remanufacturing for each of the seven-years, across all three scenarios, while
Figure 57 highlights just the quantity of new materials avoided over the same period and scenarios.
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Figure 56: Estimated aggregated new material used and avoided via USA remanufacturing of vehicle parts
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Figure 57: Estimated aggregated new material avoided via USA remanufacturing of vehicle parts

3.4.4.3

Aggregation of Impacts from Vehicle Parts Production

From the absolute material, energy and emissions data generated over the seven-year simulation, an
aggregate value for the entire period is calculated. Figure 58 describes, as an example, the cumulative new
material that is both used and avoided, when comparing USA vehicle parts production via OEM New vs.
remanufacturing processes.
In contrast to the significant material avoidance demonstrated in the case study of industrial digital printer
products, the relatively smaller production share of VRPs in the vehicle parts sector is highlighted. It is
important to note, however, that despite the apparently ‘smaller’ magnitude of material avoided, there is
still a significant benefit created in terms of absolute quantity of new material that is offset through the
application of VRP production.
While Figure 58, Figure 59, and Figure 60 reflect aggregated impacts assuming 100% cast iron engine
block, a brief comparative analysis of the tradeoffs associated with utilizing 100% lightweight aluminum
engine block (vs. traditional cast iron) is provided in Section 3.4.4.4.
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Figure 58: Comparison of new material used and avoided via USA remanufacturing of vehicle parts

The relative level of VRPs in the vehicle parts production mix is smaller than that of industrial digital
printers, and as such material currently avoided via remanufacturing appears small (See Figure 58). The
currently high levels of embodied material and process energy (See Figure 59).and embodied material
emissions (See Figure 60) highlight the potential to reduce environmental impacts through adoption of
VRPs.
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Figure 59: Estimated aggregate embodied and process-based energy USA production of vehicle parts

Figure 60: Estimated aggregate embodied and process-based emissions USA production of vehicle parts
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3.4.4.4

Impact Tradeoffs of Lightweight Design in Vehicle Parts Sector

As presented in Section 3.1.2.1, there are impacts of a product that may differ due to design decisions as
basic as what material to use. For illustrative example, a simplified assessment of the impact differential at
the product-level was presented for traditional engines utilizing cast iron cylinder blocks and lightweight
engines utilizing aluminum cylinder blocks. To clarify the implications of the lightweight material decision
at an economy-level, Figure 61 reflects the comparative new material use and avoidance enabled by
production and remanufacturing of lightweight engines instead of traditional engines in the combined case
study vehicle parts under Status Quo and Theoretical High scenarios. Despite the reduction in material use,
however, the use of a more energy-intensive material creates negative environmental implications in terms
of embodied energy and embodied emissions, as shown Figure 62 and Figure 63.

Figure 61: USA aggregated material use and avoidance comparison of traditional vs. lightweight engine mix
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Figure 62: USA aggregated embodied material energy comparison of traditional vs. lightweight engine mix

New material use is reduced when all vehicle engines are produced with aluminum cylinder blocks (See
Figure 61) however, embodied energy and emissions are higher (Figure 62). Under either the traditional or
lightweight vehicle engine design, the Theoretical High scenario with maximized VRP production offers
impact reduction in material use, embodied energy, and embodied emissions relative to the Status Quo
state.

Figure 63: USA aggregated embodied material energy comparison of traditional vs. lightweight engine mix
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3.4.4.5

Vehicle Parts Sector: Impacts Avoided through Value-Retention Processes

Using the approach described in Sections 3.4.4.2 and 3.4.4.3, the aggregated impacts that are avoided in
each economy as a result of VRP vehicle parts produced domestically and imported are estimated and
presented in Figure 64 (USA), Figure 65 (Germany), Figure 66 (Brazil), and Figure 67 (China). For each
of these figures, estimated production and import levels of VRP vehicle parts are depicted in panel (a);
estimated material use avoided as a result of VRP production are depicted in panel (b); estimated embodied
and process energy use avoided as a result of VRP production are depicted in panel (c); and estimated
embodied and process emissions avoided as a result of VRP production are depicted in panel (d).
In review of these results, it is important to note the differing scales: Not only do production levels vary
significantly across these economies, but the factors influencing the associated impacts of production (e.g.
the efficiency of energy production, transmission and distribution, and the energy production grid-mix) also
vary significantly.

Figure 64: Estimated aggregate impacts avoided via USA vehicle parts production with
value-retention processes
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For economies in which the increase in full service life VRPs in the Theoretical High scenario does not
come at the cost of lower impact partial service life VRPs (See USA in Figure 64 and Germany in Figure
65), there is potential for reduced environmental impacts through increased adoption of VRPs. However,
as observed in Brazil (See Figure 66) and China (See Figure 67), the increase in imports and/or the offset
of partial service life VRPs highlights that strategies for incorporating VRPs to support circular economy
must be considered carefully in the context of each economy.

Figure 65: Estimated aggregated impacts avoided via Germany vehicle parts production with
value-retention processes

As observed in the Theoretical High scenario for Brazil (See Figure 66), the reduction in the repair share
of the production mix results in a net decrease in avoided embodied material energy, embodied material
emissions, and process energy and emissions, when compared to the Standard Open Market scenario; In
other words, while there is still a very large net-positive absolute reduction in impacts, the very high share
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of repair activities in the Brazil economy does allow for relatively greater offset of embodied materials
energy and emissions. These outcomes are observed in the case of China as well (See Figure 67).

Figure 66: Estimated aggregated impacts avoided via Brazil vehicle parts production with value-retention
processes
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Figure 67: Estimated aggregated impacts avoided via China vehicle parts production with value-retention
processes

To this end, the complexity of VRPs within a market requires careful consideration of not only the policy
objectives (e.g. impact reduction), but also the implications of social norms and practices. In addition, while
these results directly measure impact avoidance in absolute terms, it must be remembered that the value
and utility created via a full new product life through remanufacturing is significantly greater than the value
and utility created via arranging direct reuse and repair.
In the case of vehicle parts, VRPs generally require less per-unit process energy, and therefore relatively
less associated process emissions. As such, there are net-positive avoided impacts across all measured
impact categories in every economy.
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3.4.5 Analysis of HDOR Equipment Parts Sector
The heavy-duty and off-road sector consists of companies that produce equipment and systems used in the
commercial trucking, construction, mining, agriculture, and bulk transportation industries. This sector is
primarily focused on mobile equipment that is highly durable and of high value. These products often
experience high use over an extended period, and their service life cycles are often many years’ longer than
general consumer products. Many of the components in the HDOR equipment parts sector, for which VRPs
are employed, are similar in function and design to vehicle part equivalents; however, given workload
expectations, rigorous product use, and significant wear-and-tear, they are much larger is size, and are
designed for greater durability and even scheduled overhaul refurbishment and preventative maintenance
activities.
The nature and value of HDOR equipment parts are substantially different that the other case study sectors
presented in this study: the customer market for HDOR equipment parts is typically highly-specialized and
educated about VRP options; in addition, many of the major producers of OEM New HDOR equipment
parts are also actively engaged in some degree of VRP production as well, and as a result there are large
and relatively efficient reverse-logistics systems in place to enable refurbishment and remanufacturing.
Often, these processes may be offered as part of a customer service model in which refurbishment activities
are planned for and scheduled. The rigorous oversight of HDOR equipment in the market, as well as the
systems supporting active collection and reuse through VRPs, ensures a unique perspective on VRPs for
the HDOR equipment parts sector.
3.4.5.1

HDOR Equipment Parts Production Levels

The estimated production levels of HDOR equipment parts, by OEM New and VRP production types, and
by economy, are presented in Figure 68 and Figure 71. Also shown are estimated total domestic market
demand levels for each economy, which are indicative of the relative levels of imported products to supply
domestic demand. and/or exported products.
Recent HDOR equipment industry performance has shown market contraction, particularly in
developed/industrialized economies such as the USA (See Figure 68); in contrast, developing/newly
industrialized economies like Brazil and China that offer favorable production incentives as well as growing
demand from construction and mining industries, are poised for significant market growth (See Figure 70
and Figure 71). Despite the relatively low production share in the USA, there is great opportunity for
material efficiency and impact reduction through VRPs. As with the vehicle parts sector, the scale-up of
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VRPs in the HDOR equipment parts production mix demonstrates net-positive impact avoidance, to varying
degrees, across each studied economy.
Please note that, since the Standard Open Market scenario is reflective of some of the USA conditions,
there is no change to USA production levels and associated production impacts between the Status Quo and
Standard Open Market scenarios. For example, in the cases of Germany and Brazil (Please see Standard
Open Market scenario in Figure 69 and Figure 70), overall production level decreases because of an increase
in the import-ratio, imposed as a condition of the scenario.

Figure 68: Estimated USA production of HDOR equipment parts relative to estimated demand in USA
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Figure 69: Estimated Germany production of HDOR equipment parts relative to estimated demand in
Germany

Figure 70: Estimated Brazil production of HDOR equipment parts relative to estimated demand in Brazil
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It is important to note the reduced domestic production levels resulting from the imposed scenario
conditions. In addition, the displacement of lower-impact partial service life VRPs with higher-impact full
service life VRPs in the Theoretical High scenarios for Brazil (See Figure 70) and China (See Figure 71)
reflects an unrealistic transition away from more common repair and direct reuse activities. The decrease
in potentially avoided impacts that result from such a transition are demonstrated in Figure 79 and Figure
80, and discussed in greater detail in Section 3.4.5.4.

Figure 71: Estimated China production of HDOR equipment parts relative to estimated demand in China

3.4.5.2

Analysis of Material-Level Impacts from HDOR Equipment Parts Production

The production level and growth rates of production in each economy and scenario both inform and affect
the associated impacts that are of interest to this study. The impacts of production are presented in Figure
72 and Figure 73, however a demonstrative example of the aggregation approach is provided first in this
section, and in Section 3.4.5.3.
As with the previous case study sectors, aggregated production is simulated over a seven-year period, and
the associated impacts are calculated accordingly. Figure 72 depicts the new materials both used and
avoided through the incorporation of HDOR equipment parts remanufacturing for each of the seven-years,
across all three scenarios, while Figure 73 highlights just the quantity of new materials avoided over the
same period and scenarios.
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Figure 72: Estimated aggregated new material used and avoided via USA remanufacturing of HDOR
equipment parts

Even in the Theoretical High scenario, the lower share of VRPs in the USA production mix (relative to
OEM New production) constrains the potential for avoided negative environmental impacts, as shown in
Figure 72 and Figure 73.
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Figure 73: Estimated aggregate new material avoided via USA remanufacturing of HDOR equipment parts

3.4.5.3

Aggregation of Impacts from HDOR Equipment Parts Production

From the absolute material, energy and emissions data generated over the seven-year simulation, an
aggregate value for the entire period is calculated. Figure 74 describes, as an example, the cumulative new
material that is both used and avoided, when comparing USA HDOR equipment parts production via OEM
New vs. remanufacturing processes.
The implications of the relatively smaller production share of VRPs in the HDOR equipment parts sector
is clearly observable in Figure 74, with a significantly lesser quantity of new material offset. As emphasized
before, however, it is important to note that despite the apparently ‘smaller’ magnitude of material avoided,
there is still a significant benefit created in terms of absolute quantity of new material that is offset through
the application of VRP production.
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Figure 74: Comparison of new material used and avoided via USA remanufacturing of HDOR equipment
parts

The substantial size and designed durability of HDOR equipment parts requires a significant volume of
material input at the per-unit level; in addition, the production process is quite energy intensive. As such,
there are opportunities for reduction in material requirement, embodied energy and emissions, and process
energy and emissions in the USA market through the increased adoption of VRPs in the production mix
(Refer to Figure 75 and Figure 76). These opportunities increase exponentially for developing/newly
industrialized markets in which HDOR equipment parts production is substantially higher and/or is
expected to grow significantly. Please see Brazil (Figure 79) and China (Figure 80).
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Figure 75: Estimated aggregate embodied and process-based energy for USA production of HDOR
equipment parts

Figure 76: Estimated aggregate embodied and process-based energy for USA production of HDOR
equipment parts
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3.4.5.4

HDOR Equipment Parts Sector: Impacts Avoided through Value-Retention Processes

Using the approach described in Sections 3.4.5.2 and 3.4.5.3, the aggregated impacts that are avoided in
each economy as a result of VRP HDOR equipment parts produced domestically and imported are estimated
and presented in Figure 77 (USA), Figure 78 (Germany), Figure 79 (Brazil), and Figure 80 (China). ). For
each of these figures, estimated production and import levels of VRP HDOR equipment parts are depicted
in panel (a); estimated material use avoided as a result of VRP production are depicted in panel (b);
estimated embodied and process energy use avoided as a result of VRP production are depicted in panel
(c); and estimated embodied and process emissions avoided as a result of VRP production are depicted in
panel (d).
In review of these results, it is important to note the differing scales: Not only do production levels vary
significantly across these economies, but the factors influencing the associated impacts of production also
vary significantly.
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Figure 77: Estimated aggregate impacts avoided via USA HDOR equipment parts production with valueretention processes

In each sample economy the increase in VRP production and imports across the three scenarios is correlated
to an increase in avoided negative environmental impacts, to varying degrees. In China, where adoption of
VRPs under the Theoretical High scenario is most significant (See Figure 71), the correlated increase in
estimated avoided impacts is highlighted (See Figure 80).
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Figure 78: Estimated aggregate impacts avoided via Germany HDOR equipment parts production with
value-retention processes

To this end, the complexity of VRPs within a market requires careful consideration of not only the policy
objectives. (e.g. impact reduction), but also the implications of trade ratios and balances, as well as social
norms and practices. Overall, there are net-positive avoided impacts across all measured impact categories
in every economy.
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Figure 79: Estimated aggregate impacts avoided via Brazil HDOR equipment parts production with valueretention processes
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Figure 80: Estimated aggregate impacts avoided via China HDOR equipment parts production with valueretention processes
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4. Extended Diffusion Model for VRP Products
A significant aspect of the literature and perspective on market transformation (for any objective) is focused
on targeted/desired acceptance, adoption, and diffusion behaviors of a particular technology or innovation
(See Section 4.1.1). Whether or not the innovation is embraced, and/or the rate at which it is embraced,
directly affects whether the market can or will be ultimately transformed towards the desired objective. As
such, understanding the complex drivers and factors that affect decision-maker (user/buyer/customer)
motivations, perceptions, and decision-behaviors is an essential component of market transformation
research and planning. (York and Paulos 1999) Oversimplified assumptions regarding adoption behaviors
and drivers can lead to ineffective market strategies by industry decision-makers, uninformed interventions
by policy-makers, and the ultimate failure of the market to transform towards the desired objective. (Keating
et al. 1998). In the case of market transformation for circular economy and the scale-up of VRPs within
economies, enhanced understanding of the relevant drivers and interactions affecting of market behaviors
and attitudes is a much-needed extension of the current literature.
Typical diffusion modeling approaches the market from the perspective of a branded ‘new’ product
competing against other branded new products (Skiadas 1985). However, it has long been proposed in the
literature that such an approach is not appropriate in the case eco-innovation. Eco-innovation is a term
generally used to refer to new technologies, processes, and approaches that target improved performance
across all three pillars (environment, economy, society) of sustainability (Arundel and Kemp 2009,
Devoldere et al. 2009, de Jesus and Mendonça 2018, Jansson, Marell, and Nordlund 2010, Karakaya,
Hidalgo, and Nuur 2014, Machiba 2010, Organisation for Economic Co-operation and Development 2009,
Pujari 2006, Rennings 2000). Under this broad definition, VRPs can clearly be considered eco-innovations
of technology, product, and process (Arundel and Kemp 2009, Devoldere et al. 2009, de Jesus and
Mendonça 2018, Organisation for Economic Co-operation and Development 2009). As such, despite the
approach utilized in the economy-level modeling of VRPs conducted for the IRP (Please refer to Section
2.4.5) which assumes a generalized sector-growth rate and constant relative market share for OEM New
and VRP options, it is clear that assessing the diffusion and adoption potential for VRPs using simplified
and/or traditional modeling approaches may not sufficiently account for some of the relative evaluations
and considerations specific to the consumer’s decision-making process when non-new products are
involved (Abbey, Blackburn, and Guide 2015, Agrawal, Atasu, and Van Ittersum 2015, Dimoka, Hong,
and Pavlou 2011, Guide Jr and Van Wassenhove 2009, Hazen et al. 2017, Jiménez-Parra, Rubio, and
Vicente-Molina 2014, Pang et al. 2015). Karakaya, Hidalgo, and Nuur (2014) suggest that there is currently
insufficient evidence to support the assumption that traditional diffusion theory is appropriate for eco184

innovations. Per Rennings (2000), the implications of global discourse, politics, and increasing concern for
issues such as climate change demand that eco-innovations cannot be treated like other innovations, and
instead required their own specific theory and policy guidance.
Specific to the context of VRPs, Dimoka, Hong, and Pavlou (2011) found that used products generate more
complex perceived quality concerns than do new products. Abbey and Guide, Jr. (2017) have noted that
consumer perceptions and behaviors related to remanufactured products do not fit with the norms of new
product literature. In accordance with these observations for both eco-innovations and VRPs, a modification
of the traditional diffusion model is appropriate in order to capture differentiated purchase intention and
adoption behaviors that are among the primary interests of this final study. In accordance with the
overarching interests of this dissertation, an improved understanding of the market-based barriers to
increased adoption of VRPs and VRP products may support the development of more strategic policy
interventions by policy and industry decision-makers.
The challenge of understanding how reuse or non-new products are differentiated from new products in the
minds of consumers is only starting to appear in the literature. This scholarship has identified several of the
key drivers of consumer perception and willingness-to-pay with regard to non-new (refurbished, repaired,
remanufactured) vs. new products. (Agrawal, Atasu, and Van Ittersum 2015, Atasu, Sarvary, and Van
Wassenhove 2008, Dimoka, Hong, and Pavlou 2011, Hamzaoui Essoussi and Linton 2010, Hamzaoui and
Linton 2013, Hamzaoui-Essoussi and Linton 2014a, Wang and Hazen 2016). Such evidence from the
literature supports the development of a modified model to account for and reflect conditions and
considerations unique to VRP products as they relate to consumer decision-making, adoption behavior, and
ultimate market transformation for VRP products in pursuit of a more circular economy. The subsequent
sections provide a review of the relevant literature, and are organized as follows: first, an introduction to
market transformation and innovation diffusion theories, and their application to circular economy and
VRPs; second, an introduction to consumer decision-making and valuation, including purchase intention
and perceived risk; and third, the basis for modeling VRP diffusion differently from traditional approach,
and introduction to the diffusion model parameters unique to VRP products.

4.1 Literature Review
4.1.1 Market Transformation and Innovation Diffusion
As discussed in Section 1.4: “Market transformation seeks to change markets… [and this] requires
transformation of the behaviors and preferences of people and organizations”, with particular emphasis on
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the lowering and/or elimination of barriers in a marketplace (York and Paulos 1999, 14). Keating and
colleagues extended this definition to incorporate a deliberate strategic objective (what needs to be changed)
and a strategic approach (what interventions are most effective) (1998, 13). As demonstrated throughout
discussions in Sections 1.5, 1.6, and 1.7, market transformation for circular economy and VRPs requires a
comprehensive systems-perspective that can reflect essential stakeholders in the economic system: vendors,
manufacturers, distributors, trade groups, regulators, buyers, users, designers, and many others (Blumstein,
Goldstone, and Lutzenhiser 2000). To date, while market transformation can offer a strategic framework
approach to a range of complex system challenges, it is most often applied and demonstrated in the context
of energy-efficiency policy and programs in Canada and the United States, including Power Smart (Nelson,
Tiedemann, and Henriques 1998), Consortium for Energy Efficiency (CEE), Northeast Energy Efficiency
Alliance (NEEA), and Northwest Energy Efficiency Partnerships, Inc. (NEEP) (York and Paulos 1999).
These initiatives have also been heavily focused on public-programming that originates with policy-makers
(Kunkle and Lutzenhiser 1998, Kushler, Schlegel, and Prahl 1996, Nelson, Tiedemann, and Henriques
1998, Peach et al. 1996, Suozzo and Nadel 1996).
The use of a market transformation strategic framework to tackle the challenges associated with VRPs and
circular economy is a logical extension. In this context the objective is to increase the adoption and diffusion
of VRP products within an economy by means of interventions to alleviate regulatory and access,
technological, and infrastructure barriers, as assessed in Section 3.4, and discussed in Sections 0 and 5.4.
However, as also clarified by York and Paulos (2009), while the primary objective of market transformation
is to lower or eliminate barriers, it would be problematic to assume that the removal of these barriers would
alone be sufficient to increase demand for the targeted product or service. An enhanced understanding of
the product and service attributes that a customer/buyer values is an essential consideration when trying to
influence increased demand and adoption. (Blumstein, Goldstone, and Lutzenhiser 2000, York and Paulos
1999). In the case of VRPs, the valued attribute may be the discounted price, or the inherent environmental
benefit – depending on the consumer’s own personal values system, and their level of awareness and
knowledge of VRP products. Although this demand projection model does not explicitly incorporate a
parameter reflecting the consumer’s value of environment, the literature notes the important influence of
consumer values upon willingness to pay and purchase intent, and in particular, the sometimes contradictory
role of the consumer’s environmental ethics (c.f. Carrigan and Attalla 2001, Carrington, Neville, and
Whitwell 2010, Chen and Chai 2010, Follows and Jobber 2000, Jansson, Marell, and Nordlund 2010,
McDougall 1993).
Where the previous chapters of this dissertation research have focused on a range of barriers that exist
within the system of VRP capacity and flows, the following section focuses on an enhanced model to assist
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with understanding the consumer-based barriers: attitudes, perceptions, and decision-making in the
presence of risk and uncertainty.
4.1.1.1

Diffusion of Value-Retention Process Innovation

The scale-up, or diffusion, of VRPs relies upon the alignment of many different conditions that
simultaneously increase customer awareness and product demand, the efficient recovery of reuse inputs
(e.g. cores for remanufacturing), and the willingness and capacity of producers to engage in and offer these
VRP product options. Just as the successful combination of these conditions can enable scale-up, barriers
to growth and scale-up throughout the same system can inhibit, prohibit and/or constrain growth and
diffusion of VRPs in an economy.
Diffusion models have traditionally been applied in the context of the evolution of market share for new
products entering the market (e.g. new technology) (Bass 1969, Mahajan, Muller, and Bass 1995, Peres,
Muller, and Mahajan 2010, Rogers 2003). These models are typically based on a continuous probability
distribution curve for product adoption that consists of key adoption stages: innovators, early adopters, early
majority, late majority, and laggards (Bass 1969, Mahajan, Muller, and Bass 1995, Rogers 2003). In the
early stages of the product’s arrival on the market the adoption rate increases at an increasing rate until it
has reached a threshold market saturation level (inflection point), after which time the adoption rate begins
to decrease at a decreasing rate until it becomes obsolete (Rogers 2003, Sterman 2000). Reflected as a
cumulative probability distribution, the diffusion curve resembles an s-shaped growth curve representing
the market share of the product (Please refer to Figure 81).

Source: (Rogers 2003)

Figure 81: Generic diffusion of innovation model
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There is extensive literature on the diffusion of products in the marketplace; originally developed by Bass
(1969) the earliest version of the Bass diffusion model was applied to consumer durable products and
utilized two primary coefficients that were found to explain the majority of observed growth and s-curve
behavior: the coefficient of innovation, which has also been called the advertising effect, or the
attractiveness of marketing; and the coefficient of imitation, which has also been called the word-of-mouth
effect or network effect. (Bass 1969, Mahajan, Muller, and Bass 1995, Rogers 2003)
There have been many iterations and applications of the Bass diffusion model, and extensions of this work
have been published (Peres, Muller, and Mahajan 2010, Rogers 2003). In the context of remanufacturing,
Debo, Toktay and Van Wassenhove (2006) apply life-cycle dynamics modeling to new and remanufactured
products to understand how the interactions between shifting adoption and market share can be optimized.
This work incorporated a modified version of the Bass diffusion model that reflected diffusion as a function
of penetrated market size, new potential consumers as attracted via the imitation and the innovation
coefficients, as well as the likelihood and magnitude of repeat customers buying either the remanufactured
or new product in future/replacement periods (Debo, Toktay, and Wassenhove 2006).
There are many other factors that may affect the attractiveness of a product, including firm-level variables
such as brand and service agreement (See Section 5.2.1), as covered in the literature on new vs.
remanufactured products (Agrawal, Atasu, and Van Ittersum 2015, Hamzaoui and Linton 2013, HamzaouiEssoussi and Linton 2014b, Harms and Linton 2016). However, in the interests of more generalized insights
and in the absence of micro-data, the model proposed herein (See Section 4.2) only the primary
characteristics and factors that affect attractiveness of products produced via different VRPs, which can be
reasonably estimated, have been incorporated.
4.1.1.2

Eco-Innovation and Diffusion Theory

Evolutionary economics considers how technologies, technological competition, and socio-technical
systems can affect the trajectories of innovation and how potential barriers to innovation can be mitigated
via strategic policy, demonstrating a systems-perspective that is common to circular economy thinking and
research. (Del Río, Carrillo‐Hermosilla, and Könnölä 2010, Green and Randles 2006) Among the most
recent and accepted definitions, as proposed by the European Commission, eco-innovation is uniquely
differentiated from traditional innovation as “…any innovation that makes progress towards the goal of
sustainable development by reducing impacts on the environment, increasing resilience to environmental
pressures or using natural resources more efficiently and responsibly.” (European Commission 2006) Per
clarifications by the OECD (2009) and Calleja and Delgado (2008), eco-innovation is not restricted to
products, production processes, services, management and/or business models, and can be expanded to
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include innovation in social norms, cultural values, and institutional structures (Rennings 2000). These
clarifications are fully aligned with the seminal understanding of eco-innovation according to the Oslo
Manual (OECD and Statistical Office of the European Communities (Eurostat) 2005), which also
distinguishes eco-innovation from invention, and from the dissemination of that innovation
The promotion of eco-innovation around the world has, to-date, largely focused on the development and
application of new environmental technologies (Organisation for Economic Co-operation and Development
2009). However, a consequence of this technology-focus is that the non-technological aspects of ecoinnovation diffusion, including process innovation, business model innovation, organizational innovation,
marketing innovation, and the market-based drivers of eco-innovation diffusion, have not been
meaningfully explored until recently (Reid and Miedzinski 2008).
As discussed by Karakaya, Hidalgo, and Nuur (2014), the adoption of new innovations depends on the
interaction of a variety of factors that can differ across and even within economies, including: supply-side
factors that include the availability of information, the perceived relative advantage of the innovation, and
information asymmetry between the buyer and seller; demand-side factors that include customer/user
perceptions, and incentives for adoption; and economy-wide factors that include social norms, culture,
religion, and politics. (Kimura and Hayakawa 2008, McPherson, Smith-Lovin, and Cook 2001)
However, Karakaya, Hidalgo, and Nuur (2014) also point out that the nature of the innovation itself is also
an important factor, and in the case of eco-innovations there is limited evidence that adoption can be
predicted according to traditional innovation diffusion models (c.f.Rogers 2003). There is significant need
for future research to assess and better understand the unique factors and influences that facilitate the
adoption of eco-innovations, including VRPs, in order to support the faster transition to circular economy.
In the context of innovation, VRPs represent incremental eco-innovation at the process-level, in which
traditional approaches to production and product-responsibility are adjusted to reduce negative
environmental impacts and enhance the value-retention potential of the system. In contrast, circular
economy represents eco-innovation in the form of innovation social norms, cultural values, and institutional
structures. (Rennings 2000) This requires with more substantive and radical innovation concerned with
creating new and efficient linkages between diverse and numerous stakeholders in the production-system.
Given the potentially unique nature of drivers and influences affecting perception and adoption of ecoinnovations, the proposed model incorporates additional considerations to further contextualize and predict
the diffusion of eco-innovations.
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4.1.1.3

The Effect of the Network on Innovation Diffusion

The “Network Effect”, or ‘word of mouth’, is traditionally used in marketing and innovation diffusion
literature to reflect the increased value or ‘attractiveness’ of a product that is associated with other people
using that product (Bass 1969, Sterman 2000). In other words, as more customers acquire and use the
product (increasing Installed Base or the product in stock in the market; refer to Figure 14), the more
attractive the product may become to others, depending on social and cultural norms within a given
economy (See Section 4.1.1.4). The network effect may help to describe the observation that “…[the] utility
a user derives from consumption increases with the number of other users consuming the good” (Katz and
Shapiro 1985, 424), creating positive externalities (Katz and Shapiro 1985, 823). Economides (1996, 678)
positioned network effect as “the fact that the value of a unit of the good increases with the number of units
sold” (Fan-Chen, Teng, and Chiang 2007). It is argued that the influence of the network effect drives the
acceleration of absolute product attractiveness, which can result in an amplifying effect on demand:
accounting for certain cultural factors, the greater the number of a specific VRP product (e.g.
remanufactured) that is in-use in the marketplace (“Installed Base”), the greater the likelihood that other
customers/consumers in the user’s personal network will also purchase the product.
The network effect refers to the observation that, as adoption of a product increases within a population or
market, the likelihood of adoption by an individual also increases. For modeling purposes, the cumulative
absolute adoption level is typically reflected as a convex function that accelerates (increases at an increasing
rate) to the left of an inflection point (f), and that decelerates (increases at a decreasing rate) to the right of
an inflection point (Sterman 2000), yielding an apparent “s”-shaped curve growth curve over the long-term.
The inflection point is, therefore, quite important for the purposes of modeling network effect, as it indicates
the impact of surpassing a specified saturation or ‘threshold’ market share level. Implied in the concept of
a threshold, the inflection point parameter is often modeled as a function of the size of the total relevant
and possible market, or ‘F’ (Skiadas 1985).
4.1.1.4

Homophily and Heterophily within the Network

Holme and Newman (2006) propose and model that opinion formation by individuals is due to the
combination of two processes: first, individuals change their opinion due to influences from their
acquaintances; and second, connections are formed between individuals of similar opinions (homophily).
Kimura and Hayakawa (2008) add to this by arguing that connections can also be formed between
individuals of different opinion (heterophily).
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McPherson, Smith-Lovin, and Cook (2001) describe the principle of homophily as the higher rate of contact
and influence that occurs between similar people versus that between dissimilar people. In high-homophily
environments, information flows that are cultural, behavioral, genetic, or material in nature, are localized
between networks. In other words, the more similar the social characteristics of individuals, the more likely
they are to have contact and influence upon each other; in addition, where homophily is high and heterophily
is low, networks tend to be divided into isolated groups that are more highly influenced by the opinions,
attitudes, behaviors, and social expectations of their network. (Kimura and Hayakawa 2008, McPherson,
Smith-Lovin, and Cook 2001) Further, per Kimura and Hayakawa (2008), these networks just as often
reflect dynamic entities, such as organizations, and interplay with the dynamics of individuals. This is an
important insight that extends the application of network effect and sensitivity to network effect into
validated studies of cultures, social norms, attitudes and opinions as they exist within businesses and other
economic organizations (Kimura and Hayakawa 2008, McPherson, Smith-Lovin, and Cook 2001).
Often, it is the hierarchy within organizations that leads to high influence of status-based homophily (e.g.
professional titles, roles, and/or capacity) inside networks of peers within the organization (McPherson,
Smith-Lovin, and Cook 2001). As noted in the literature, cultural values, as held by a specific group of
people, refers to the acquired knowledge that people use to interpret experience and to generate social
behavior (Bao, Zhou, and Su 2003, Hofstede 1980, 1991, Joynt and Warner 1996). As such, the cultural
values of networks, organizations, and communities become relevant to this study, as perception and
attitudes towards VRPs, influenced by the degree of homophily and/or heterophily within the culture and
network, will likely affect customer decisions to adopt or not adopt VRP products.
4.1.1.5

Consumer Perceptions and Attitudes: Price and Perceived Quality

In traditional neoclassical economic modeling, the price of the product is a primary driver of the demand
function; in the proposed model (See Section 4.2), the relative attractiveness of a product is used as a proxy
for demand, assuming that the more attractive a product is, the greater the demand for it. The literature on
demand modeling for VRPs largely accepts two important aspects of traditional economic theory: 1) that
the dominant pricing strategy for reuse products is to offer a price discount relative to the market price of
the OEM New alternative (Atasu, Sarvary, and Van Wassenhove 2008); and 2), that the lower-priced
product option will attract relatively greater demand.
The perceived quality of the product is also a primary driver of the relative attractiveness of that product,
and perceived sub-optimal quality decreases the attractiveness of the product. The effect of perceived
quality can be accounted for in the model as a simplified mechanism of the common discounted quality
perception that customers in the economy may have towards reuse products (Atasu, Sarvary, and Van
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Wassenhove 2008, Hazen et al. 2012). It is worth noting that an actual (objective) quality discount for reuse
products is not assumed; in many cases, such as the process of remanufacturing, the quality of the
remanufactured product is equal to the as-new version and is typically supported by warranty equal to that
of a ‘new’ product (Lichtenstein and Burton 1989, Nasr and Thurston 2006). In spite of the objective quality
of reuse products, the market continues to perceive and assume a discounted quality associated with nonnew products (Atasu, Sarvary, and Van Wassenhove 2008, Hazen et al. 2012). Per Hamzaoui-Essoussi and
Linton (2010), sensitivity towards quality is often associated with the level of perceived functional risk
associated with the product. This sensitivity can be accounted for, for both the product type (e.g. vehicle
engine vs. production printer), as well as the production process (e.g. traditional manufacturing vs.
remanufacturing).
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4.1.2 Consumer Decision-Making and Valuation
4.1.2.1

Customer Intention to Purchase

Per Spears and Singh (2004), purchase intention is a conscious plan or intention to make a financial effort
to buy some product. In much of the consumer decision-making and purchase behavior literature, intention
to purchase is typically tied to consumer behavior, perceptions and attitudes, as well as the context of the
decision (Mirabi, Akbariyeh, and Tahmasebifard 2015). Purchase intention has been used as an effective
tool to predict the buying process (Ghosh, Dasgupta, and Ghosh 1990) and is shown to be influenced by
price, perceived quality, and perceived value, as well as internal and external motivations of the consumer
during the decision-making process (Gogoi 2013, Wang and Hazen 2016).
As suggested, there are many factors and influences that can affect a decision-makers ultimate intention to
purchase. In this way, product attractiveness ultimately behaves as a proxy for market share: the relatively
more attractive one product type, the relatively greater market share that it will secure (Sterman 2000). In
accordance with Hazen et al. (2012), Abbey, Blackburn, and Guide (2015), Lin and Tseng (2016), Hazen
et al. (2017), and Abbey and Guide Jr (2017), this model assumes that antecedents to ‘intention to purchase’,
a proxy of relative product attractiveness to buyers, are 1) Perceived Value of the Transaction (PVT); and
2) Perceived Risk of the Transaction (PRT). Figure 82 presents a description of the primary factors and
influences that have been documented in the literature. The +/- denotes the directionality of the relationship
between the factors, for example, the negative relationship described per Figure 82 (top-center), the higher
the perceived probability of defects, the lower the perceived product quality. Clarifying definitions and
expanded discussion of related terminology are provided in the following sections.
4.1.2.2

Prospect Theory

Prospect theory (Kahneman and Tversky 1979) is a behavioral economic theory that considers how people
make choices when the probability of risk is involved. In consumer behavior literature, prospect theory is
often applied in terms of product evaluation and purchase intention, in which it is assumed that consumers
assign value to both perceived gains and losses (associated with product choices), and that these values are
framed relative to a reference point (Kahneman and Tversky 1979, Monroe and Chapman 1987, Puto 1987,
c.f. Tarnanidis et al. 2015). In addition, per Kahneman and Tversky (1979), Tarnanidis (2015), Puto (1987),
and Monroe and Chapman (1987), rational decision-makers tend to prefer certain outcomes – even if
negative – to uncertain or probable outcomes.
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Figure 82: Integrated model of factors affecting intention to purchase 52

As such, the value function utilized in prospect theory assumes the following: 1) perceived gains and losses
are relative to a reference point, rather than absolute levels; 2) the value function is concave for gains, and
convex for losses; and 3) the loss function is steeper than the gain function as a result of higher sensitivity
to the prospect of loss vs. the prospect of gain (Kahneman and Tversky 1979, Monroe and Chapman 1987).
In other words, a central understanding from prospect theory is that people are significantly more sensitive
to the risk of loss than the potential to gain, and they assign greater weighting to a potential loss, than they
do for a potential gain (Kahneman and Tversky 1979, Thaler and Sunstein 1999)
More recently, and further substantiating that there is likely greater sensitivity to perceived potential for
loss, Mitra and Golder (2006, 242) demonstrated this asymmetric effect where perceived quality is more

52

Sources: Wang and Hazen, 2016; Hazen et al., 2017; Abbey et al., 2016; Monroe and Dodds, 1985; Monroe and
Chapman, 1987; Ovchinnikov, 2011; Abbey et al., 2015; Dimoka et al., 2012;
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affected by losses in objective quality than by gains in objective quality, in both short- and long-term
customer scenarios.
The factors and influences at play when a customer has a choice between traditional OEM New and VRP
product options may be different (Dimoka, Hong, and Pavlou 2011). In the literature, consumer evaluation
of VRP products is typically expressed in relation to the familiar new version of the product and most
commonly in terms of the relative value and relative risk (Agrawal, Atasu, and Van Ittersum 2015, Atasu,
Sarvary, and Van Wassenhove 2008, Wang and Hazen 2016). In fact, prospect theory has been utilized as
the basis for much of the current literature evaluating consumer perceptions and purchase intention towards
remanufactured products (Agrawal, Atasu, and Van Ittersum 2015, Atasu, Sarvary, and Van Wassenhove
2008, Hazen et al. 2012, Hazen et al. 2017, Wang and Hazen 2016). Within this niche of the literature,
product characteristics of price, perceived value, and perceived quality are often framed relative to the
newly manufactured OEM-version of the product. It follows that, since customers prefer a ‘known risk’ to
an ‘ambiguous risk’ – according to prospect theory – information is key: better knowledge leads to better
assessments of product value (Ellsberg 1961, Hauser and Lund 2003, Wang and Hazen 2016). Further
supporting the prospect theory approach are the findings by Wang and Hazen (2016) that perceived value
and perceived risk are complementary predictors of purchase intention related to remanufactured products.
It is assumed that these relationships are maintained for considerations of other VRP products in addition
to remanufactured ones.
4.1.2.3

Perceived Value

Dodds and Monroe (1985) found that perceptions of value are directly related to consumer preferences and
choice: as perceived value increases, willingness to buy (or preference) also increases, supporting the
positive relationship between perceived value and purchase intention. The perceived value of a product is
the outcome of a consumer’s overall evaluation of a product’s utility in terms of what is received and what
is given; the trade-off between benefit and sacrifice (Monroe and Chapman 1987, Wang and Hazen 2016).
Monroe (1990) proposed that this trade-off occurs between the perceived benefits of the product and the
perceived sacrifice associated with the product. In the case of ‘new’ products, this perceived sacrifice takes
the form of paying for the product (e.g. transaction value), however, when considering VRP products the
perceived sacrifice is most commonly identified as the perceived risk of the product having some defect
(Abbey and Guide Jr 2017). In addition, according to Monroe (1990), perceived benefits are a function of
both perceived quality and transaction value, resulting in the following functional form for Perceived Value:
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Perceived 𝑉𝑎𝑙𝑢𝑒 =

𝑃𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠
𝑓(𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒, 𝑇𝑟𝑎𝑛𝑠𝑎𝑐𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒)
=
𝑃𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 𝑆𝑎𝑐𝑟𝑖𝑓𝑖𝑐𝑒
𝑓(𝑃𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 𝑅𝑖𝑠𝑘)

Eq. 19

In the context of VRP products, perceived risk refers to the uncertainty of expected outcomes associated
with the purchase of a VRP product, such as poor performance or failure (Hazen et al. 2017, Wang and
Hazen 2016). Perceived risk stems from the ambiguity of quality information for products that have been
recovered/returned – a precursor to all VRPs – because of customer perception that there is higher
probability of a quality defect in returned products (Abbey, Blackburn, and Guide 2015). In the absence of
a credible, evident product history for a VRP product, ambiguity and uncertainty are increased, and there
is greater implied risk associated with that VRP product (Abbey and Guide Jr 2017). Wang and Hazen
(2016) and Bittar (2017) studied the effect of key factors on customer perception of risk in remanufactured
products and found that the customers’ knowledge about the quality of the product was the most significant
predictor of perceived risk.
4.1.2.4

Ambiguity of Product Information and Information Asymmetry

Product knowledge refers to the level of awareness of specific product information that a buyer requires in
order to make a purchase decision. In the case of VRP products, the most decision-relevant information to
the buyer includes cost knowledge, quality knowledge, and green knowledge, which refers to knowledge
about the environmental impacts and attributes of a product that can influence a buyer’s purchase intention
(Kahneman and Tversky 1979, Wang and Hazen 2016).
As previously described, in the case of VRP products there is often significant ambiguity of product
information that interferes with consumers’ assessment of quality. Often, this information asymmetry
presents as the seller of the VRP product having more knowledge and information about the product than
the potential buyer. There are a variety of examples of the concept of asymmetrical information as it
presents in the context of VRPs: first, moral hazard, in which quality-related uncertainty exists because the
seller has the ability to change the quality of the product from one transaction to the next (Kirmani and Rao
2000); and second, adverse selection, in which quality uncertainty exists between the buyer and the seller,
but the unobservable quality remains constant across transactions (Eisenhardt 1989, Kirmani and Rao 2000,
Mishra, Heide, and Cort 1998). In the case of remanufactured products, adverse selection has often been
the focus of additional research effort: per Mishra, Heide and Cort (1998), buyers cannot easily evaluate
the quality of the remanufactured or refurbished product; thus sellers often struggle to differentiate the
offering on the basis of quality.
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Per Bittar (2017), the information gap and asymmetric information prevalent in the remanufactured product
market constitutes a meaningful imbalance. Further, remanufactured product producers and distributors
often do not understand the consumer values or concerns related to remanufactured products: retailers are
not clear on how to market remanufactured products effectively, and consumers typically lack credible
sources of good information needed to properly inform their purchase decision (Hazen et al. 2017).
Information asymmetry is most likely to present as a function of uncertainty and risk for the buyer in their
evaluation of the product (Wang and Hazen 2016). The high cost to both buyer and seller to acquire
necessary quality and/or environmental knowledge, as well as the proliferation of counterfeit and lowquality products in the marketplace, contribute to the common tendency for VRP products to be perceived
as ‘higher-risk’ than traditional new products (Wang and Hazen 2016). This is also relevant when
considering that some consumers are more risk-averse than others: for consumers with high risk-aversion,
products with uncertain and/or unknown performance and quality are seen as “risky”, and these consumers
often refrain from adopting new products and technologies until they have been ‘proven’ in the marketplace.
(Bao, Zhou, and Su 2003, Steenkamp, Hofstede, and Wedel 1999).
As described in Figure 82, there are different types of information/knowledge about a product that help to
inform the customer’s perception of value and risk, as further clarified below:
•

Cost Knowledge of the Product (CKP): Cost knowledge considers the level of consumer
understanding of the fact that the prices (cost) of VRP products are lower than the prices of similar
new products (Guide and Li 2010, Wang and Hazen 2016). Per Kahneman and Tversky (1979),
when applied in the context of prospect theory, this refers to the consumer’s conscious knowledge
of the relative gains and losses inherent, suggested and/or signaled in product price.

•

Quality Knowledge of the Product (QKP): Given the noted ambiguity and information
asymmetry that often exists in the case of VRP products, quality knowledge refers to the extent of
the consumer’s access to product quality information, product age (remaining utility), and their
understanding of the quality of VRP products (Wang and Hazen 2016). In addition, Wang and
Hazen (2016) suggest that the provision of objective quality knowledge to customers can improve
their quality knowledge of the product and can alleviate some of the ambiguity and perceived risk
associated with VRP products.

•

Green Knowledge of the Product (GKP): A consumer’s green knowledge of a product refers to
their understanding of environmental implications of a product, including resource and energy
savings associated with ‘green’ products, and the sustainable practices of producers (Michaud and
Llerena 2011, Wang and Hazen 2016). Wang and Hazen (2016) further note that green knowledge
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does not create additional risk to the consumer, and therefore can only create a positive utility;
however the magnitude of that positive utility can vary amongst consumers.
In markets where the behavior and actions of peers within consumer networks are likely to influence
behaviors and actions of the individual consumer, the acceptance of products with asymmetrical
information and/or ambiguous quality information – such as for VRP products – may enable a proxyvalidation of quality for consumers in the absence of other quality information. In other words, if the
consumer does not have direct access to quality information but knows that many colleagues and peers have
purchased VRP products, this may offset or mitigate concerns about the perceived risk of the transaction.
There is some debate as to whether current approaches to understanding and modeling the network effect
are appropriate: Mylan (2015) contends that diffusion is more closely tied to behaviors (practices) of
consumers, than the actual act of consumption accounted for in the ‘Installed Base’ and threshold variables;
Weitzel, Wendt, and Westarp (2000) suggest that agent-based modeling approaches that integrate game
theory and institutional economies offer far more accuracy in the forecasting of diffusion and adoption
behavior. Again, in the absence of micro-data and given the need for generalization, the simplified intention
of traditional network effect modeling is assumed to be sufficient for the purposes of this work.
4.1.2.5

Objective vs. Perceived Quality

A significant frustration for producers of VRP products is the challenge of ambiguity, or the information
gap, that exists between the objective (actual) and the perceived qualities of VRP products (Hazen et al.
2012). Within the literature on VRPs, perceived quality is understood to be predictive of the attitudes and
behaviors within closed-loop supply chain (CSLC) systems (Abbey et al. 2015, Abbey, Blackburn, and
Guide 2015, Hazen et al. 2012, Hazen et al. 2017, Lin and Tseng 2016).
According to Mitra and Golder (2006, 213), “Perceived quality is the overall subjective judgement of
quality relative to the expectation of quality”, and consumers can form perceptions about the quality of a
product without ever personally examining or using the product. As implied Mitra and Golder’s (2006)
definition, the literature on perceived quality often uses the prospect theory approach of a reference point
in relative perceived quality values. In other words, perceived quality of a studied product is often described
relative to a perceived quality of a reference product (e.g. OEM New).
Given the important and significant role of perceived quality in the forecasting of purchase intention and
purchase likelihood, the gap between objective and perceived quality can be a major issue for
remanufactured products, in particular. In accordance with common practice and definition, remanufactured
products differ from other VRPs because they are brought back to as-new or better condition than the OEM-
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New version through a rigorous industrial process which enables a full new service life for the product
(Hazen et al. 2012, Nasr and Thurston 2006, Wang and Hazen 2016). The literature suggests that the
consumer’s evaluation of used products generates greater complexity, and therefore requires a different
approach to the valuation of perceived quality (vs. OEM New) (Dimoka, Hong, and Pavlou 2011).
However, many studies of perceived quality for non-new products use an accepted and standardized
approach to quality evaluation, based on Garvin’s “8-dimensions of quality” (1987). In particular, Hazen
et al. (2017) reduce Garvin’s eight dimensions for application to remanufactured products using factor
analysis to only four: lifespan (amount of use before failure or degradation); performance (degree to which
primary operation characteristics are within standards); features (degree to which secondary operation
characteristics are within standards); and serviceability (speed and ease of repair).
Much of the literature examining demand and purchase intention toward VRP products specifically
incorporate the influences of: cost (e.g. price, discount); quality (e.g. quality knowledge, perceived
probability of defect); and environment (e.g. green knowledge, environmental consciousness). Given much
literature discussion about the potential for environmental benefits through the employment of VRPs, it is
logical that this would be investigated. However, findings by Wang and Hazen (2016) and Bittar (2017)
revealed that environmental consciousness (or green knowledge) varied greatly among individuals in terms
of its effect on purchase intention, and even when highly correlated, the ‘green’ factor explained only a
very small share of the variance in the model (Bittar 2017).
Several researchers (Abbey and Guide Jr 2017, Dimoka, Hong, and Pavlou 2011, Hazen et al. 2017,
Ovchinnikov 2011) have directly connected perceived product quality with measured consumer intention
to purchase. As described in Figure 82 the influence of perceived product quality upon intention to purchase
is moderated by the buyer’s assessment of the perceived value of the transaction. Perceived value of the
transaction is also influenced by the perceived product value, the transaction value, and other factors that
enable a more comprehensive reflection of consumer preferences and value-perceptions, as supported by
the literature (Monroe and Chapman 1987). In this sense, perceived value of the transaction represents the
buyer’s evaluation of the trade-off that occurs between the perceived benefit (e.g. perceived quality) gained,
relative to the perceived sacrifice of paying for the product (Monroe and Chapman 1987).
4.1.2.6

Transaction Value and Signaling

Transaction value refers to the actual price that the seller charges to the buyer for the sale of the product.
The potential for consumers to use the price of a product as a signal of the quality of the product has been
studied for many decades, particularly in cases where objective information about product quality is not
available to the decision-maker. Scitovsky (1944) originally proposed that price may be used by consumers
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as an index value of product quality, especially when other information is not available (Monroe and
Chapman 1987). Although often assumed in rhetoric, extensive studies have demonstrated that there is only
a weak, product-specific direct effect of price upon perceived quality and where noted these effects are
shown to vary and are generally unconfirmed (Geistfeld 1982, Gerstner 1985, Morris and Bronson 1969,
Oxenfeldt 1950, Sproles 1977). However, there are several different types of signals available to producers
and sellers to help influence the buyer’s product evaluation process, including warranties, advertising, and
price. In the case of remanufactured products, Hazen et al. (2017) found that signals are often needed
because of information asymmetry and ambiguity, due to which customers cannot easily assess the quality
of the VRP product. In many cases, individual or combined signals may be used to induce a ‘trial’ of the
product that will help to reveal ‘quality’ to the customer in an observable manner (Subramanian and
Subramanyam 2012).
According to the literature on which this transaction price-ratio is modeled, the relative transaction value
for non-new or VRP products is assumed to be < 1.0, on the basis that customers generally require a discount
on VRP products in order to generate demand (Abbey et al. 2015, Guide and Li 2010, Ovchinnikov 2011,
Ovchinnikov, Blass, and Raz 2014, Subramanian and Subramanyam 2012). This is substantiated by the
literature studying actual pricing practices for VRP products, which according to Abbey, Blackburn, and
Guide (2015) are highly influenced by the needs of the company and the competitive environment. Despite
the range of factors affecting corporate pricing decisions for non-new products, the literature says VRP
product pricing ranges from 20% to 80% of the price of the comparable OEM New option, with an upper
limit of 60% price-ratio (implying a 40% discount) before the lower price starts to signal and affect
perceptions of quality (Abbey et al. 2015, Bittar 2017, Ovchinnikov 2011). This insight was further
explored by Bittar (2017) who clarified that price-ratios up to the 60% limit (or 40% discount) were
inversely related to purchase intention. In other words, as the discount increased to 40%, so did the purchase
intention. This also aligns with what might be intuitively expected in traditional neoclassical economic
demand theory.
4.1.2.7

Variations Across Economies

Given the range of forces that can influence purchase intention and relative product attractiveness, it is
logical to expect that the response of consumers to new innovations may differ significantly. As previously
discussed in Section 4.1.1.4, the degree of homophily vs. heterophily within the average personal network
will affect the likelihood of an individual’s decision to adopt new products/technology, based on whether
others in their network have also adopted the new product/technology. Cultural values, as held by a specific
group of people, refers to the acquired knowledge that people use to interpret experience and to generate
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social behavior (Bao, Zhou, and Su 2003, Joynt and Warner 1996, Hofstede 1991). Further, cultural values,
by virtue of their development and reinforcement via social networks and agents, can contribute to, and
influence cross-national differences in consumer decision-making styles (Bao, Zhou, and Su 2003).
In this sense, cultures and/or social organizations that are heavily dominated by hierarchy and status
characteristics, and in which the personal networks of individuals are highly homophilous (e.g. personal
networks are with others who are similar to you), are likely to be more sensitive to what other people are
doing in the marketplace (e.g. adoption) (McPherson, Smith-Lovin, and Cook 2001).
The measurement and implication of cultural differences have been well-studied. In particular, work done
by Hofstede (1980) evaluated the degree of individualism as a measure of national and organizational
culture across four dimensions of culture:
•

Individualism vs. Collectivism, which refers to the preference for independent vs. interdependent
relationships with others and one’s own personal vs. in-group goals;

•

Power Distance Index, which refers to the tendency to accept power inequality in organizations;

•

Uncertainty Avoidance Index, which refers to the tolerance for ambiguity or uncertainty about the
future; and

•

Masculinity vs. Femininity, which refers to preference for achievement and assertiveness vs.
modesty and nurturing relationships (Hofstede 1980).

Of relevance to this work are the measures of individual-collectivism, power distance, and uncertainty
avoidance. To describe this logic, the relative cultural and social norms of the USA and China are compared
in the proposed extended VRP diffusion model.
4.1.2.8

Contrasting the Influence of Network Effect and Risk-Aversion in China and the USA

MacPherson, Smith-Lovin, and Cook (2001) note that education, occupation and social class characteristics
become important in organizational decision-making, and the nature of the organization often requires some
degree of network homophily. Per Blau, Ruan, and Ardelt (1991, 1039), lower residential and job mobility
in China would be expected to result in more in-group choices and less network diversity than in the US.
In addition, China's industrialization and economic development progress have been different from the
USA’s, as reflected in the industrial diversity, division of labor, and income inequality (Blau, Ruan, and
Ardelt 1991). The result of this is a more complex social structure in China than in the USA, which is
expressed via in-group decision-making and less diverse interpersonal networks (Blau, Ruan, and Ardelt
1991). This is further confirmed in the organizational context by Hout and Michael (2014), where the more
significant influence of hierarchical roles and expectations, along with the influence of the Communist
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Party means that organizational decisions cannot be completely diverse. Decisions within the Chinese
organization ultimately rely on: a) buy-in and support from external network links that are within the
organization, which has highly-centralized control (homophilous); and b) requirements to adapt to local
conditions and the power of local officials still implies a high level of network-driven homophily (Hout and
Michael 2014).
Using indices and research developed by Hofstede (1980, 1991, 2011) to compare relevant cultural
measures between the USA and China is possible. On individualism, China scores much lower than the
USA (20 vs. 91, out of 100), indicating that the collective is of greater significance and has greater influence
in relationships and decision-making than the individual; this is aligned with a culture-based expectation
that relatives or members of a particular in-group will be looked after in exchange for loyalty to the group
(Hofstede 1991, 2011). On power distance, China scores much higher than the USA (80 vs. 40, out of 100),
indicating a greater acceptance of hierarchy and hierarchical order that does not require justification
(Hofstede 1991, 2011).
The uncertainty avoidance index for both China and the USA are low (30 vs. 46, out of 100), but for
different reasons: the USA has a fair degree of acceptance for new ideas and innovative products, as well
as a willingness to try them (in terms of technology); in contrast, in China, truth is relative through the
immediate social circle/network. There tends to be a comfort with ambiguity, and adherence to laws and
rules may be more flexible to suit the situation, which is governed by hierarchy and the rules of the social
circle (Hofstede 1991, 2011). These relative scores are summarized in Table 47.
Table 47: Summary of Hofstede’s relevant Dimensions of National Culture for USA and China
China

USA

(Out of 100)

(Out of 100)

Individualism (High) vs. Collectivism (Low)

20

91

Power Distance Index

80

40

Uncertainty Avoidance Index

30

46

Relevant Dimension of National Culture 53

However, there is a basis for differentiating risk aversion and sensitivity to perceived potential for loss
between the USA and China. While Hofstede’s Uncertainty Avoidance Index reflects the extent to which
members of a culture feel threatened by ambiguous or unknown situations and have created beliefs and
institutions that try to avoid uncertainty, risk-aversion behavior in a consumer purchase context may better

53

(Hofstede 1980, 1991, 2011)
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reflect individual response to risk associated with potential deviation from the in-group preference. Findings
by Bao, Zhou, and Su (2003) suggest that there is a significant difference in terms of sensitivity to perceived
potential for loss, and that this sensitivity is greater for Chinese than for American consumers.
Sensitivity to perceived potential for loss is particularly relevant in the context of VRP products, for which
there are higher levels of information ambiguity and uncertainty, as discussed previously in Section 4.1.2.4.
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4.2

Model Methodology

Throughout much of the literature on perceptions towards new, used, non-new, and remanufactured
products, consumer preference and ‘purchase intention’ are the measured outcomes. This approach has
enabled greater understanding of adoption and diffusion of substitute VRP options within the market mix
(Abbey, Blackburn, and Guide 2015, Hazen et al. 2017, Wang and Hazen 2016).
At the micro-, product-level, highly detailed data and values presented in the literature for various case
studies in purchase intention are possible (Bao, Zhou, and Su 2003, Hazen et al. 2012, Hazen et al. 2017,
Wang et al. 2013, Wang and Hazen 2016). However, for the purposes of developing a generalized model
for the diffusion of VRP products, and in the absence of micro-data, the descriptive model presented in
Figure 82 is thus simplified to reflect key, quantifiable parameters, per Figure 83.
In keeping with the extensive study and insight of the literature, the simplified model presented in Figure
83 retains primary factors of Perceived Value and Perceived Risk of the transaction. As with Figure 82, the
directionality of the relationships between factors in Figure 83 are indicated by +/- notation. While affected
by other influences, as demonstrated by Wang and Hazen (2016), Hazen, Overstreet, Jones-Farmer, and
Field (2012), the simplified model relies on closely-related, but more easily quantified measures of
Perceived Product Quality, Transaction Value, and Network Effect.

204

Figure 83: Simplified model of factors affecting intention to purchase OEM New and VRP products

As discussed previously, the effects of social networks and external influences upon intention to purchase
has been largely ignored in the literature on VRPs. Within these VRP-focused customer preference and
intention studies, it is largely assumed that the individual does not incorporate any influence from their
personal or professional networks in their decision process (Hazen et al. 2012, c.f. Wang and Hazen 2016).
However, innovation diffusion literature, and even literature investigating customer preferences towards
used products (including remanufactured products specifically), highlights the influence – although
unquantified – of social networks and social norms upon individual preference. For these reasons, the
Network Effect is retained as a key factor in the simplified model, having an overall positive relationship
with intention to purchase and product attractiveness.

205

4.2.1 Summary of Model Notation
Table 48: Summary of notation for extended diffusion model for VRPs

Sub- and superscripts

Notation

Description
t

Number of Economy-Level model simulation period (t=7)

k

Sample economy, Brazil, China, Germany, and USA

j

Case study product (3 industrial digital printers; 3 vehicle parts; 3 HDOR equipment
parts)

i

Production process: OEM New, arranging direct reuse, repair, refurbishment and
remanufacturing

Sc

Sensitivity to Network Effect; a measure of degree of homophily/heterophily within
culture and/or social group

IB

Estimated total installed base of product (j) via process (i) in economy (k) in period
(t))

IBThresh

Inflection threshold within extended diffusion model, established to meet inflection
target for case study

TV

Transaction Value; Expressed as relative to OEM New product price, framed to
highlight discount as a value-gain

PQF

Perceived Quality Factor; Expressed as relative to OEM New product quality, framed
to highlight discount as risk

∂

Sensitivity to Perceived Risk of Loss; a measure of degree of risk-aversion and
sensitivity to loss within culture and/or social group

4.2.2 Modeling Product Attractiveness
An extension of the deterministic linear approach utilized in Section 2.4, the model presented in the
following sections proposes a descriptive diffusion model that incorporates market conditions and
consumer behavior parameters that more realistically reflect the factors influencing the diffusion and
adoption of VRPs within a market. A summary table of notation used throughout this model is provided in
Table 48.
Under ideal conditions, sufficient budget and resources would enable the use of actual market micro-data
to estimate a more accurate reflection of market share using actual coefficients of different variables and
values within the modeled system. For example, rather than having to estimate market penetration rates as
a function of different key influence factors, historical data would allow for an actual analysis of shifting
market trends and consumption patterns for VRPs, and a more realistic reflection of demand for VRP
products. With such data, regression modeling would offer an opportunity to assess the fit of the proposed
generalized model, as well as the contribution of relevant parameters in explanation of variance. In lieu off
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micro-data specific to the extended model and the specific Products (j) and Processes (i), relevant
relationships and models from similar work in the literature have provided the foundation for the
development of this model, in its mathematical form as described in Figure 84.

Figure 84: Description of generalized mathematical model for VRP product diffusion

Using a modified version of a common market share modeling form (Sterman 2000), the estimated market
share output (per Figure 84) is approximated based on the relative ‘attractiveness’ of the product. This
reflects a simplified economic approach to modeling ‘utility’ as a proxy for consumer preference; however,
in the absence of micro-data, the term ‘attractiveness’ is used instead. According to Sterman’s simplified
innovation diffusion model (2000), the primary driver of absolute product attractiveness is the network
effect, with some influence from other ‘noise’ factors, as described in Equations 20 and 21. Noise factors
refers to random effects that might influence perceived product attractiveness that are not already accounted
for in the network effect model, such as buyer values, buyer information, perceived value and perceived
quality of the product. It is important to note that Sterman’s approach incorporates multi-period capability
to reflect how changing levels of the installed base (or quantity of project (j) in the market) affects
attractiveness of the product over time (t).
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐴𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠𝑡 = 𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝐸𝑓𝑓𝑒𝑐𝑡𝑡 ∗ (𝑁𝑜𝑖𝑠𝑒 𝐹𝑎𝑐𝑡𝑜𝑟𝑠)

Eq. 20

𝑗

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐴𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 (𝐴𝑃𝐴)𝑡
= (𝑒

𝑗

𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝐵𝑎𝑠𝑒𝑡
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑡𝑜 𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝐸𝑓𝑓𝑒𝑐𝑡(
)
𝐼𝑛𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

) ∗ (𝑁𝑜𝑖𝑠𝑒 𝐹𝑎𝑐𝑡𝑜𝑟𝑠)

Eq. 21

The evolving market share of the product is then approximated relative to the comparable product options
of interest; in other words, and as described in Equation 22, the absolute attractiveness of the studied product
(j) is evaluated relative to the absolute attractiveness of all other product options of interest. Thus, through
Sterman’s approach, which is simplified to enable diffusion projections in the absence of micro-data,
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absolute product attractiveness can be used as a proxy for relative product attractiveness to represent a
reasonable estimate of resulting market share over time.
𝑗

𝐴𝑃𝐴𝑡

𝑗

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐴𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠𝑡 =

∑𝑗(𝐴𝑃𝐴𝑡𝑗 )

∀ 𝑗

Eq. 22

Effectively, this modeling approach assumes that the attractiveness of the product increases at an increasing
rate, as product adoption (presence in the market) increases. The parameter “Sensitivity to Network Effect”
(Sck) is used to account for the strength of the effect that the network effect has upon the attractiveness of a
product, and this parameter is employed as a reflection of some of the key cultural/social conditions of an
economy that increase (decrease) the influence of network effect on customers in that economy (e.g. degree
of communication context that is the cultural norm; degree of homogeneity within networks) (Peres,
Muller, and Mahajan 2010, Sterman 2000).

4.2.3 Modeling the Effect of the Network
In this model, the influence of the network effect is reflected using an exponential curve, which is
reasonable given the interdependence between the prevalence of VRP options (Product (j) via Process (i))
the marketplace, increased consumer awareness of the objective quality (vs. perceived quality) of VRP
products, and increased participation in collection programs. Effectively, by reflecting the network effect
for VRP products within the model, it is hypothesized that the attractiveness of Product (j) via Process (i)
may increase at an increasing rate, as the number of Product (j) via Process (i) already in the market
increases. The parameter “Sensitivity to Network Effect” (Sck) is used to account for the strength of the
effect that the network effect has upon the attractiveness of Product (j) via Process (i) and is employed as a
reflection of key social and cultural conditions of an Economy (k) that can increase (decrease) the influence
of their network on customers within an economy (k) (Sterman, 2004; Peres et al., 2010). Sterman’s formula
for network effect (2000) (See Equation 21) is modified for VRP product options as shown in Equation 23.
𝑖,𝑗,𝑘

𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑉𝑅𝑃 𝑁𝑒𝑡𝑤𝑜𝑟𝑘

𝑖,𝑗,𝑘
𝐸𝑓𝑓𝑒𝑐𝑡𝑡

𝑆𝑐 𝑘 (

= 𝑒

𝐼𝐵𝑡
)
𝐼𝐵 𝑇ℎ𝑟𝑒𝑠ℎ

Eq. 23

The absolute inflection threshold (IB_Thresh) and installed base (IBti,j,k) parameters are discussed in more
detail in the following sections.
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4.2.4 Inflection Threshold
The inflection threshold within diffusion models is an important parameter, as it reflects the ratio between
the current installed base quantity and the threshold at which the cumulative adoption curve ceases to
accelerate. Effectively, it reflects the 'relative saturation' point in the diffusion curve. Extensive research
has been done to assess the validity of assumptions about the parameter estimate for the inflection point or
threshold for certain products and markets, across a variety of diffusion models.
The inflection threshold is typically estimated based on 'size' of product market; in diffusion models,
parameter f reflects the inflection point or saturation point at which accelerated adoption is expected to
cease as a share of the total relevant market, F. Within diffusion model literature, the estimation of both F
(relevant market size) and f (inflection point as a share of F) have been well studied. Skiadas (1985)
examined a range of existing diffusion models in pursuit of validation of two more generalized models. The
studied models included: Blackman/Fisher-Pry model, Generalized model (GRM I, GRM II), Floyd model,
Sharif-Kabir model, and the NSRL model. The two generalized models (GRM I and GRM II, as well as a
modified NSRL model), were shown to cover the most common and well-tested diffusion models that
account for external complexity beyond pure-imitation based diffusion (Blackman/Fisher-Pry), and also
allow for a solution (Skiadas 1985).
Given this outcome, Skiadas (1985) proposed two more refined generalized models, which were validated
using four different technology products (CT head scanners; CT body scanners; Ultrasound; and
Mammography), and the diffusion of Oxygen Steel technology in different markets (West Germany, Spain,
and Global). Across all of these technologies it was found that Skiadas’ generalized models
covered/reflected the predictions of the top complexity-accounting diffusion models and identified an
inflection point value between 20% (Global) and 35% (West Germany) in industrial technologies. These
results, indicative of market saturation point at which adoption curve experiences an inflection in growth
rate, are appropriate estimates in a generalized diffusion model. In addition, the variation here supports the
approach of including a network effect sensitivity parameter (Sck), as adoption/inflection are likely to vary
based on the effectiveness of the network at disseminating new ideas and approaches in different cultures
and economies.
As such, for the purposes of this model, the average threshold (inflection) value is estimated as 27.5% of
relevant market share (average of 20% - 35%) across all economies, acknowledging that the further
refinement of this inflection value may be possible given sufficient micro-data as part of future research
initiatives.
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Thus, in terms of the extended model, the installed base (IBti,j,k) for each different Product (j) via Process
(i) reflects how many units are actually in the market in period (t) relative to the parameter for inflection
threshold (IBThresh), which acts as a scaling factor. As the actual installed base approaches and/or exceeds
the threshold (IBti,j,k → IBThresh), the network effect will increasingly contribute to the increasing estimated
attractiveness of Product (j) via Process (i).
The estimated starting market share estimates for case study OEM New and VRP products and relevant
inflection threshold parameter values for both China and USA markets are presented in Table 49, Table 50,
Table 51, and Table 52.
It is important to note that in this model exercise, it was determined that repair VRP substitute options are
not very likely to be affected by the network effect, particularly because it is unlikely that these purchases
will be advertised or discussed within the network. As such, repair behaviors and values are assumed to be
unaffected by the extended diffusion model parameters and are therefore excluded from both models and
the following descriptive tables.
Table 49: Estimated starting market share for case study OEM New and VRP products in China54

Total Est.
Market Size
(Qty)

OEM
New (%)

Reman
(%)

Comp.
Refurbished
(%)

Arr. Direct
Reuse (%)

Digital Production Printer

2,517

94.8%

0.0%

0.2%

5.0%

Digital Printing Press #1

2,108

94.9%

0.0%

0.1%

5.0%

Digital Printing Press #2

2,176

94.8%

0.0%

0.1%

5.0%

54

Estimates of market size for China based on international trade data from the Observatory of Economic Complexity,
based on 2014 data (Observatory of Economic Complexity 2015b). Production Printers based on HS92 Code 8443:
Industrial Printers/Printing machinery. Printing Presses based on HS92 Code 844313: Print machinery, n.e.c. for
category 8443.
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Table 50: Summary of case study product and market inflection threshold parameters for China55

OEM
New (Qty)

Reman
(Qty)

Comp.
Refurbished
(Qty)

Arr. Direct
Reuse (Qty)

Est. Installed Base
Quantity (Year 1)
(IBt=1i,j,k)

Production Printer

2,387

0

4

126

Printing Press #1

2,000

0

3

105

Printing Press #2

2,064

0

3

109

Est. Absolute Inflection
Threshold
(IB_Thresh; 27.5%)

Production Printer

692

692

692

692

Printing Press #1

580

580

580

580

Printing Press #2

598

598

598

598

Table 51: Estimated starting market share for case study OEM New and VRP products in USA56

Total Est.
Market Size
(Qty)

OEM
New (%)

Reman
(%)

Comp.
Refurbished
(%)

Arr. Direct
Reuse (%)

Digital Production Printer

20,537

66.3%%

32.9%

0.5%

0.3%

Digital Printing Press #1

1,838

66.3%

32.9%

0.5%

0.3%

Digital Printing Press #2

1,838

66.3%%

32.9%

0.5%

0.3%

Table 52: Summary of case study product and market inflection threshold parameters for USA57

OEM
New (Qty)

Reman
(Qty)

Comp.
Refurbished
(Qty)

Arr. Direct
Reuse
(Qty)

Est. Installed Base
Quantity (Year 1)
(IBt=1i,j,k)

Production Printer

13,608

6,773

103

55

Printing Press #1

1,218

606

9

5

Printing Press #2

1,218

606

9

5

Est. Absolute Inflection
Threshold
(IB_Thresh; 27.5%)

Production Printer

5,648

5,648

5,648

5,648

Printing Press #1

505

505

505

505

Printing Press #2

505

505

505

505

55

Production mix estimates for China, per adjusted USA market values, based on known barriers to VRP processes
in China, and in conversation with industry experts in Beijing (UNEP IRP Workshop and Nasr 2016).
56
Estimates of market size for USA based on US 2014 Census Data. Production Printer data based on NAICS 333316:
Photographic and photocopying equipment. Printing Presses data based on NAICS 3332442: Printing Presses; All
Types.
57
Production mix estimates per industry expert K. Kelley, in personal email exchange on 04-27-2017.
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4.2.5 Sensitivity to Network Effect
The analogous nature of network homophily to sensitivity of an individual’s decisions to the influence of
decisions and attitudes of the others within their network was described in detail in Section 4.1.1.4. The
approach to modeling sensitivity to network effect was derived from the traditional demand elasticity
model, in which the sensitivity parameter acts as a normalized impact factor.
Given this, the model assumes that sensitivity to the network effect in highly homophilous cultures (e.g.
China) is > 1.0, or relatively more sensitive to the network effect. The sensitivity parameter moderates the
effect of network on diffusion and relative attractiveness of a product by reflecting the degree of homophily
(strong influence of opinions and attitudes of those within the network, and thus greater expectation of
conformity) (>1.0) and heterophily (0 – 1.0) as a characteristic of the general social norms and culture of
both the market and the organizations (e.g. corporations) within that market.
Ultimately, the vertical and local nature of the average Chinese personal and business network leads to the
assumption - for this model - that customers in China have a higher sensitivity to network effect than
customers in the USA, where personal and business networks, and organizational cultures entertain greater
diversity (heterophily) and less pressure for conformity. The assumed values for network effect parameters
for the case study products and economies are summarized in Table 53.
Table 53: Summary of case study product and market sensitivity to network effect parameters

Sensitivity to Network
Effect (Sck) for All Case
Study Industrial Digital
Printers

OEM New

Remanufactured

Comp.
Refurbished

Arr. Direct
Reuse

China

1.00

1.30

1.30

0.30

USA

1.00

1.10

1.10

0.30

Please note that it is assumed that Sensitivity to Network Effect (Sc) will be > 1.0 for remanufactured and
refurbished products. OEM New products are the market norm, and so the network effect is neither
more/less sensitive than usual.

4.2.6 Accounting for Prospect Theory
As discussed in greater detail in Section 4.1.2.2, there is a direct relationship between perceptions of value
and consumer preference and/or willingness to buy a product (Dodds and Monroe 1985, Monroe 1990). As
highlighted by Monroe and Chapman (1987) and Wang and Hazen (2016), perceived value ultimately
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reflects a trade-off between what is received and what is given; this is further clarified as the trade-off
between benefit and sacrifice, as demonstrated by Monroe (1990) in Equation 19.
Given the relevance of perceived value in the context of VRP products, this model extends Sterman’s
proposed absolute product attractiveness measure (Refer to Equations 20 and 21) to further clarify and
specify VRP-relevant considerations, per Equation 24.
𝑖,𝑗,𝑘

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐴𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠𝑡

𝑖,𝑗,𝑘

= 𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝐸𝑓𝑓𝑒𝑐𝑡𝑡

Eq. 24

∗ 𝑃𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑖,𝑗,𝑘

Extending and formalizing Monroe’s original (1990) perceived value model (Refer to Equation 19),
perceived value is accounted for in the extended diffusion model for VRP products as described in Equation
25.
𝑃𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑖,𝑗,𝑘
=(

𝑇𝑟𝑎𝑛𝑠𝑎𝑐𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒 𝑖,𝑗,𝑘 + 𝑃𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 𝑖,𝑗,𝑘
1 + (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑡𝑜 𝑅𝑖𝑠𝑘 𝑜𝑓 𝐿𝑜𝑠𝑠 𝑘 ∗ ((1 − 𝑃𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 𝑖,𝑗,𝑘 )))

) ∀ 𝑖, 𝑗, 𝑘

Eq. 25

Using this approach, the simplified trade-off assessment of the perceived benefits and perceived risk
associated with VRP options in the market can be assessed. The following sections describe the
incorporation of perceived value and prospect theory into the extended diffusion model for VRP products.

4.2.7 Perceived Benefit
To enable a solution to the model presented in Equation 25, variables representing the value of the
transaction must be quantifiable. In this case, acquisition value refers to the perceived product value, which
can be reflected in terms of the perceived relative quality of the product for the consumer (Dodds and
Monroe 1985). Findings by Wang and Hazen (2016) suggest that perceived product value is significantly
influenced by perceived quality. Transaction value (TV

i,j,k

) is used as a framing device for the actual

transaction price, in which any discount differential between price and acquisition value creates additional
value for the consumer (Monroe and Chapman 1987). This approach is used to reflect the consumer’s
awareness of any differential (e.g. their gain, as achieved via a price discount), such that a 30% price
discount (relative to acquisition value) creates equivalent transaction value of +30% (a factor multiplier of
1.3) for the consumer. The basis for this assumption of equivalency is in the perceived relative price
concept, or price ratio, which was proposed by Jacoby, Olson, and Haddock (1971), who contend that
perceived value can be evaluated through price comparisons between a product and an appropriate
substitute. This approach is common in the literature examining various aspects of the relationship between
new and non-new (e.g. VRP) products, where the price-ratio for non-new products is typically assumed to
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be < 1.0 (Abbey, Blackburn, and Guide 2015, Abbey et al. 2015, Bittar 2017, Dimoka, Hong, and Pavlou
2011, Guide and Li 2010, Ovchinnikov 2011, Subramanian and Subramanyam 2012, Wang and Hazen
2016).
The effect of perceived quality has both positive and negative implications: a perceived quality factor
(PQFi,j,k) is included in the numerator function because even if perceived to offer a lesser value relative to
the OEM New version (e.g. a VRP product), the customer still achieves some degree of benefit by acquiring
the product. Perceived quality typically presents in the literature as a simplified mechanism for common
discounted quality perception that customers may have towards non-new or VRP products (Hazen et al.
2012, Lichtenstein, Burton, and O'Hara 1989). It is worth noting that an actual (objective) quality discount
for VRP products is not assumed; In many cases, such as the process of remanufacturing, the quality of the
remanufactured product is equal to the as-new version, and is typically supported by warranty equal to that
of a ‘New’ product (Lichtenstein and Burton 1989).
The transaction value factors (e.g. benefit to the customer enabled by price discount) that are used in the
case study products and markets are summarized in Table 54.
Table 54: Summary of transaction value parameters for case study markets and products

Est. Avg. Market
Price
($ USD)58

Transaction Value Factors (TVi,j,k)59
OEM
New

Reman60

Comp.
Refurbished

Arr. Direct
Reuse

Production Printer

$

97,600

1.0

1.29

1.50

1.80

Printing Press #1

$ 494,000

1.0

1.29

1.44

1.80

Printing Press #2

$ 616,000

1.0

1.29

1.44

1.80

In spite of the objective quality of reuse products, the market continues to perceive and assume a discounted
quality associated with non-new production, and it is the objective of this model to reflect this asymmetrical
perception. Per Abbey, Blackburn, and Guide (2015), negative attribute perceptions had a significantly
detrimental effect on remanufactured product attractiveness. The estimated perceived quality factors for
case study products and markets presented in Table 55 are derived from common estimates in the literature

58

Based on average customer market prices taken from a sample of publicly available pricing for specific case study
products.
59
Transaction value factor reflects equivalent price discount that creates a benefit for customers, relative to the price
of the OEM New product option. For the purposes of generalization, these values are held constant for both USA and
China markets.
60
Based on weighted results of price discount offered by imaging product remanufacturers, relative to OEM New per
the 2016 Remanufacturing Industry Survey completed by the Advanced Manufacturing Technology Consortia (Nasr
et al. 2016).
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(Abbey, Blackburn, and Guide 2015, Agrawal, Atasu, and Van Ittersum 2015, Atasu, Sarvary, and Van
Wassenhove 2008, Atasu, Guide Jr, and Van Wassenhove 2010, Debo, Toktay, and Wassenhove 2006).
Table 55: Summary of perceived quality factor parameters for USA case study products

Perceived Quality Factors (PQFi,j,k)
OEM New

Remanufactured

Comp.
Refurbished

Arr. Direct
Reuse

Production Printer

1.0

0.9

0.7

0.6

Printing Press #1

1.0

0.9

0.7

0.6

Printing Press #2

1.0

0.9

0.7

0.6

Table 56: Summary of perceived quality factor parameters for CHN case study products

Perceived Quality Factors (PQFi,j,k)
OEM New

Remanufactured61

Comp.
Refurbished

Arr. Direct
Reuse

Production Printer

1.0

0.75

0.7

0.6

Printing Press #1

1.0

0.75

0.7

0.6

Printing Press #2

1.0

0.75

0.7

0.6

Given that the proposed model adopts a generalized perspective, the influence of environmental factors
such as green knowledge or environmental consciousness were excluded from the model. This was done in
accordance with the contradictory and/or insignificant findings of Wang and Hazen (2016), and Bittar
(2017) which reflect a current lack of clarity on the impact and influence of green knowledge and
environmental concern upon consumer decision-making in the literature. As part of future research
initiatives, it may be possible to assess and incorporate and environmental benefit factor into the perceived
value function (numerator) in Equation 25 and would be a logical extension of this proposed VRP diffusion
model.

4.2.8 Perceived Risk
Hamzaoui-Essoussi and Linton (2010) highlight that sensitivity towards quality is often associated with the
level of perceived functional risk associated with the product. In this model, it is assumed that the perceived
quality factor captures, through normalized discounting, the perceived risk inherent in VRP products,
61

The perceived quality factor (PQF) for remanufactured products in China is reduced relative to the USA in
accordance with findings by Matsumoto, Chinen and Endo (2017) that U.S. consumers have a higher knowledge of
remanufactured products and relative quality than many other jurisdictions.
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relative to the OEM New option. Given the discount function of perceived risk, the denominator function
in Equation 25 extracts the negative aspect of discounted perceived quality (1 – PQFi,j,k).
From the discussion in Section 4.1.2.7, risk aversion behavior and sensitivity to perceived potential for loss
is known to vary across cultures and social groups. In accordance with prospect theory, the value function
is convex for losses (inverse relationship), and the loss function is always steeper than the gains function
(Dodds and Monroe 1985, Monroe and Chapman 1987, Puto 1987, Tarnanidis et al. 2015, Wang and Hazen
2016). In other words, people have greater sensitivity to the prospect of a loss than to the prospect of a gain,
to a factor of 2.3 (Kahneman and Tversky 1979, Thaler and Sunstein 1999).
The Sensitivity to Risk of Loss parameter (∂k) is introduced to account for the variation in sensitivity to risk
observed across different cultures and social groups around the world. Per (Bao, Zhou, and Su 2003), there
is a statistical basis for differentiating risk aversion/sensitivity to perceived loss between the USA and
China. In order to account for the increased risk-sensitivity associated with VRP products and to maintain
this culture-based parameter, the sensitivity to perceived loss parameter is further increased for all VRP
products in China by an additional 18.7% (2.73/2.3; See Table 57). Sensitivity to perceived loss parameter
values for case study products and markets are summarized in Table 57.

Table 57: Summary of case study product and market sensitivity to perceived loss parameters

Sensitivity to Risk of
Loss

Mean Risk
Aversion Score

(Kahneman and Tversky 1979)

China
USA

Adjusted Sensitivity to Risk of Loss (∂k)

(Bao, Zhou, and Su 2003)

OEM
New

Reman62

Comp.
Refurbished62

Arr.
Direct
Reuse62

2.3

14.76/12.44 = 1.19

2.73

2.73

2.73

2.73

2.3

12.44/12.44 = 1.00

2.3

2.3

2.3

2.3

4.2.9 Extended Diffusion Model for VRPs
Bringing the insights from Equations 20 through 25 together, the extended diffusion model for VRPs is
presented in Equation 26.
Eq. 26

62

Sensitivity to perceived loss parameter for VRP products are estimated by multiplying the mean risk aversion score
(Bao, Zhou, and Su 2003) by the sensitivity to perceived risk of loss (Kahneman and Tversky 1979).
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𝑖,𝑗,𝑘

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑖,𝑗,𝑘
𝐴𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠(𝐴𝑃𝐴)𝑡

𝑆𝑐 𝑘 (

= (𝑒

𝐼𝐵𝑡
)
𝐼𝐵 𝑇ℎ𝑟𝑒𝑠ℎ

)∗(

𝑇𝑉 𝑖,𝑗,𝑘 + 𝑃𝑄𝐹 𝑖,𝑗,𝑘
1 + (𝜕𝑘 ∗ (1 − 𝑃𝑄𝐹 𝑖,𝑗,𝑘 ))

) ∀ 𝑖, 𝑗, 𝑘

𝑖,𝑗,𝑘

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑖,𝑗,𝑘
𝐴𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠𝑡

=

𝐴𝑃𝐴𝑡

∑𝑖(𝐴𝑃𝐴𝑖,𝑗,𝑘
)
𝑡

∀ 𝑖, 𝑗, 𝑘
Eq. 27

In keeping with Sterman’s methodology (2000), absolute product attractiveness is transformed into relative
product attractiveness and a proxy for market share, in accordance with Equation 22. The final piece of the
extended diffusion model, in which relative product attractiveness is used to estimate evolving market share
(as a proxy for demand) over time (t = 7), is described in Equation 27.
Simulation of the extended diffusion model for VRPs then adopts the demand modeling approach utilized
for the IRP Model (See Equation 4a and 4b), and in Equation 5 substitutes the Relative Product
Attractiveness output values from Equation 27 in place of the production/demand mix (𝜆𝑖,𝑗,𝑘 ). The
following Sections describe the results and sensitivity testing of the proposed extended VRP Diffusion
Model.

4.3 Results and Sensitivity Testing of Extended Diffusion Model for VRP Products
The potential for this extended model (hereafter referred to as the VRP diffusion model) to contribute to
the discussion on accelerating the adoption of VRPs in pursuit of circular economy is evaluated using
variance-based sensitivity testing across three first-order perspectives: first, the directionality and
magnitude of impact that potential uncertainty in select parameter values may have upon model outputs is
evaluated to test the logic and robustness of the model; second, the high-level outputs of the model for USA
and China are evaluated relative to the results of the original IRP Report growth model (See Section 2.4),
in which a simplified straight-line sector growth rate and constant relative market shares for OEM New and
VRPs were assumed; and third, the high-level outputs of the model for USA and China are compared
relative to one another to assess the relevance of economy-specific parameters and insights for informing
strategic insights and interventions. All of the results presented herein are based on the Industrial Digital
Printers sector and case study products, as previously described in Section 2.3.4.1.1.
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4.3.1 Sensitivity to Model Parameter Variance
Select parameters of the VRP diffusion model were tested at -20%, -10%, +10%, and +20% variance from
the base VRP Diffusion Model values presented in Sections 4.2.4 through 4.2.8. This approach was used
to observe the magnitude, directionality, and other descriptive influences upon absolute product
attractiveness (See Equation 26) and the proxy estimate of product demand, based on relative product
attractiveness (See Equation 27).
4.3.1.1

Sensitivity to of Product Attractiveness to Model Parameter Variance

As discussed, the VRP Diffusion Model proposes that relative product attractiveness offers a proxy
approach to estimating demand share of the market for VRPs in the absence of meaningful micro-data. The
sensitivity of OEM New and VRP product attractiveness scores to variance in key model parameters is
described in Figure 85 (USA) and Figure 86 (China).
These results confirm the expected directionality of the model in the case of both sample economies: Per
panels (a), there is an inverse relationship between product attractiveness and the installed base threshold
parameter (IB_Thresh); per panels (b), there is a positive relationship between product attractiveness and
the installed base sensitivity parameter (Sc); per panels (c), there is a positive relationship between product
attractiveness and the sector growth rate (g); per panels (d), there is a positive relationship between product
attractiveness and the transaction value parameter (TV); per panels (e), there is a positive relationship
between product attractiveness and the perceived quality factor (PQF); and per panels (f), there is a negative
relationship between product attractiveness and the sensitivity to perceived loss parameter (∂).
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Figure 85: Sensitivity of OEM New and VRP absolute product attractiveness to VRP Diffusion Model
parameters in USA

For both the USA (Figure 85) and China (Figure 86), the effect of variance to parameters of the network
effect (IB_Thresh in panel (a) and Sc in panel (b)) is more pronounced for the attractiveness of OEM New
products than for the attractiveness of VRP products. This is largely due to the predominant acceptance and
dominant market share of OEM New products (vs. VRP options) in both markets. As OEM New products
are the accepted norm within both markets, the attractiveness of OEM New options is not significantly
affected by the sector growth rate (g) (See Figure 85 and Figure 86, panels (c)). Similarly, sector growth
does not meaningfully increase the attractiveness of arranged direct reuse options. However, even small
growth of VRPs in the market leads to increasing influence of the network effect, and subsequently related
increasing VRP product attractiveness, as shown for both comprehensive refurbishment and
remanufactured product attractiveness scores in Figure 85 and Figure 86, panel (c).
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Figure 86: Sensitivity of OEM New and VRP absolute product attractiveness to VRP Diffusion Model
parameters in China

When considering the transaction value parameter (TV) it is important to remember that the discounted
price offered on VRPs is considered added utility for the buyer: for example, a 20% price discount results
in a linearly-related 20% increase in the transaction value assessed by the buyer (A factor of 1.2 for the
VRP vs. a factor of 1.0 for the OEM New option). Accordingly, when considering panels (d) in Figure 85
and Figure 86, the positive relationship between transaction value and product attractiveness suggests,
practically, that an increase in the price discount will yield an increase in product attractiveness. This aligns
with neoclassical economic demand theory and observations in the marketplace. Thus, it is also logical that
the sensitivity of product attractiveness is the most heavily influenced by the order of price discount from
greatest to least: arranged direct reuse, comprehensive refurbishment, remanufactured, and OEM New. The
significant influence of perceived quality (PQF) upon product attractiveness is compounding: perceived
quality affects both the numerator and denominator of the perceived value equation (Equation 25), with an
increase in perceived quality serving to increase value and decrease risk at the same time. As shown in
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panels (e) in Figure 85 and Figure 86, the positive relationship between product attractiveness and perceived
quality is greater than 1:1 for both OEM New and remanufactured options.
Finally, the negative relationship between product attractiveness and the sensitivity to perceived loss (∂)
affirms that, where a buyer is more sensitive to the risk of loss (e.g. defect, failure), and in the presence of
a perceived quality discount (e.g. for VRP options), the decrease in product attractiveness will be more
pronounced for VRP products.
As a reminder, the model utilizes product attractiveness a proxy for demand share of the market. Despite
the independent relationships between absolute product attractiveness and model parameters for each of
OEM New and VRP options (per Equation 26), the interrelationships between parameters must also be
considered in the context of relative product attractiveness for the purposes of proxy demand share (per
Equation 27). This is because potential buyers will not be considering an option in isolation, but instead
relative to all the other options that are available; and in accordance with the literature, this consideration
will be founded on their evaluation of perceived value and perceived risk (See Equation 25). The influence
of variance in key model parameters upon the resulting demand share of the market in period t=7 are
presented in Figure 89 (USA) and Figure 91 (China). The significant impact that parameter variance upon
the attractiveness of OEM New products has upon the attractiveness of other VRP options is worth noting
and will be discussed in greater detail in Section 5.4.2.
From Figure 87 and Figure 88 it can be seen that different potential interventions to modify parameter
variables in pursuit of a desired outcome (e.g. increased relative attractiveness of VRPs) may be possible.
For example, per panels (d), offering additional uniform price discounts (increased transaction value) across
all product options to increase the transaction value may yield slightly greater impact and outcome for
VRPs.
However, Figure 87 and Figure 88 also show that, despite the significant positive influence that an increase
in perceived quality (panels (e)) can have upon the attractiveness of VRP products, when applied uniformly
across all product options (OEM New and VRPs) the effect still tends to largely favor the resulting
attractiveness of the OEM New product. This suggests that interventions to affect perceived quality must
be applied at the process-level (e.g. remanufacturing-specific efforts to shift perceived quality) and not at
the company -level (e.g. brand-wide efforts to address perceived quality). Without effectively
differentiating between the perceived quality of OEM New and VRPs in the approach, long-term harm to
the attractiveness of VRP options may result.
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Figure 87: Sensitivity of OEM New and VRP relative product attractiveness to VRP Diffusion Model
parameters in USA

In reviewing Figure 87 and Figure 88 it should also be noted that the influence of the network effect
parameters (IB_Thresh and Sc) have a far more significant influence on product attractiveness in China
(Figure 88) than in the USA (Figure 87) , attributed to the higher degree of homophily reflected within
these model parameters. While it is not realistic to suggest interventions that could modify foundational
cultural and social norms that inform the network effect, this result supports the recommendation for
differentiated and economy-specific intervention strategies, as discussed further in Section 5.4.2. It also
highlights the need for additional research on the role of network effect in the context of VRPs and circular
economy, as a way to extend and further refine this model.
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Figure 88: Sensitivity of OEM New and VRP relative product attractiveness to VRP Diffusion Model
parameters in China
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4.3.1.2

Sensitivity of Projected Product Demand to Model Parameter Variance

In addition to product attractiveness, it is important to understand the magnitude and directional influence
that variations in model parameters can have upon projected demand. Projected demand implications are
presented in Figure 89 through Figure 92, and are based on the calculated compound annual growth rate
(CAGR) of estimated demand for OEM and VRP options over the seven-year simulation period. Where the
model derives projected demand from the estimated relative product attractiveness (See Section 4.2.2), the
implications for interventions to support increased adoption (e.g. higher CAGR) for VRPs will be similar:
for example, per panels (d) in Figure 89 through Figure 92, offering additional uniform price discounts
across all product options to increase the transaction value may yield slightly greater impact and outcome
for VRPs.

Figure 89: Sensitivity of OEM New nnd VRP estimated demand to VRP Diffusion Model parameters in USA
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In addition, brand-level perceived quality interventions that do not differentiate between OEM New and
VRP options may harm the growth and adoption of VRP products via a lower CAGR over time (See panels
(e)).

Figure 90: Sensitivity of OEM New and VRP estimated demand to VRP Diffusion Model parameters in
China
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In comparing the relative product attractiveness shares (See Figure 87 and Figure 88) with the resulting
demand share projections of the VRP Diffusion Model (See Figure 91 and Figure 92), a slight variance can
be observed. This is due to the additional implications of the demand formula (Equation 4b) that include
sector growth rate as well as the changing mix of OEM and VRP products falling out of the market and
becoming available for collection in each period.

Figure 91: Sensitivity of OEM New and VRP demand share to VRP Diffusion Model parameters in USA

For example, a -20% change to the sensitivity to perceived loss parameter (∂) for in the USA has a positive
impact of 0.8% increase (from 19.2% - 20.0%) in the relative attractiveness score of the remanufactured
product options See Figure 87, panel (f)), and a positive impact of 1.6% increase (from 18.5% - 20.5%) to
the estimated demand share for the remanufactured product (See Figure 88, panel (f)).
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The same -20% change to sensitivity to perceived loss parameter (∂) for in China has a positive impact of
0.6% increase (from 2.1% - 2.7%) in the relative attractiveness score for the remanufactured product (See
Figure 91, panel (f)), and will have a positive impact of 0.6% increase (from 2.0% to 2.6%) to the estimated
demand share for the remanufactured product (See Figure 92, panel (f)).

Figure 92: Sensitivity of OEM New and VRP demand share to VRP Diffusion Model parameters in China
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4.3.2 Sensitivity to IRP Report Model Projections
In the absence of micro-data, the results of the VRP Diffusion Model are assessed relative to the more
simplistic but highly-common demand modeling approach used for the IRP Report Model that is based on
straight-line CAGR projection and assumes a constant market share for each OEM New and VRP option.
This approach to sensitivity testing of the models enables further discussion regarding the limitations of the
simplified demand-modeling approach used in the IRP Report Model, additional context for consideration
of the environmental and economic impact results of the IRP Report Model, and whether the outputs of the
proposed VRP Diffusion Model offer a realistic and reasonable alternative for VRP diffusion and demandmodeling approach.
As described in the original IRP Report Model (See Section 2.4.5), total demand reflects the
need/requirement for the product by a user in the market, and demand for OEM New vs. VRP products is
a reflection of the option that the user ultimately chooses to fulfill the requirement. In other words, the user
requires Product X (e.g. an industrial digital printing press), and will then choose whether to acquire an
OEM New Product X, a direct reuse Product X, a comprehensively refurbished Product X, or a
remanufactured Product X.
As shown in both Figure 93 and Figure 94, the variance between VRP Diffusion Model and IRP Report
Model projections of total demand is less than 200 units in both USA (<2%) and China (<5%) (panels (a)
and (b)). The sensitivity of projected total demand in the USA for the aggregate case study products is
described in Figure 93: Panel (a) reflects the absolute estimated demand levels (# of units) projected by the
baseline VRP Diffusion Model, relative to the absolute total demand projections resulting from +/- 20%
variance of key VRP Diffusion Model parameters, and the absolute estimated demand levels the IRP Report
Model; Panel (b) reflects this sensitivity in terms of the percentage variance of the estimated total demand
from the IRP Report Model; and Panel (c) reflects this sensitivity to variance in key VRP Diffusion Model
parameters relative to the baseline simulation of the VRP Diffusion Model.
Further, while each parameter is tested in isolation, it can be seen that a +/- 20% variance in the model
parameters for the USA results in a maximum range of variance (-9% to +7%) in estimated total product
demand relative to the IRP Report results, and a maximum range of variance (-11% to +6%) in estimated
total product demand relative to the baseline VRP Diffusion Model results by period 7.
As expected, the most significant impact comes from variance in the sector growth rate (g) parameter;
Variance in the other parameters show a reduction of -2% to -4% in estimated total demand.
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In contrast, results for China show a more significant impact: The +/- 20% variance in the model parameters
for China results in a range of variance (-30% to +7%) in estimated total product demand relative to the
IRP Report results, and a range of variance (-25% to +14%) in estimated total product demand relative to
the baseline VRP Diffusion Model results (See Figure 94).

Figure 93: USA case study product estimated total demand sensitivity

229

Again, as expected, the most significant impact comes from variance in the sector growth rate (g) parameter;
Variance in the parameters yield a reduction of -5% to -10% in estimated total demand.

Figure 94: CHN case study product estimated total demand sensitivity
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Estimated demand for OEM New and VRP product options derives from the original estimated total
demand for the product in general. The absolute variance between actual estimated demand projections of
the IRP Report Model (dotted line) and the VRP Diffusion Model (solid line) are presented for the USA in
Figure 95 and for China in Figure 96. This sensitivity assessment provides insight into potential
interpretations and cautionary comments related to the results of both models.
For example, in the USA (See Figure 95) the IRP Report Model overstates the estimated demand quantity
of remanufactured products relative to the VRP Diffusion Model, and understates the estimated demand
quantity of OEM New, arranged direct reuse, and comprehensive refurbishment products (for the industrial
digital printers sector). In contrast, the IRP Report Model slightly overstates the estimated demand quantity
of OEM New products and understates the estimated demand quantity of VRP product options in China
(See Figure 96). In the absence of concrete micro-data, these variances cannot be confirmed either way;
However, the need for more comprehensive economic tracking and reporting of the sale and use of VRP
product options is a clear need and opportunity for future research.

Figure 95: Total demand projection under VRP Diffusion Model vs. IRP Report Model for USA
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Figure 96: Total demand projection under VRP Diffusion Model vs. IRP Report Model for China

Examining the sensitivity of estimated demand levels for OEM New and VRP options yields additional
insights, as presented in Figure 97 (USA) and Figure 98 (China): Panels (a) reflect variance and sensitivity
of estimated demand for OEM New products under the baseline VRP Diffusion Model, and with +/- 20%
variance of key model parameters, relative to the projected demand from the IRP Report Model (set to 0%);
panels (b) present the same sensitivity of estimated demand results for arranged direct reuse products;
panels (c) present sensitivity of estimated demand results for comprehensive refurbished products; and
panels (d) for remanufactured products. It is important to note the changing magnitude of the vertical axis
across each panel.
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Figure 97: Sensitivity of OEM New and VRP demand projections under VRP Diffusion Model vs. IRP Report
Model in USA
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In the USA, OEM New demand is most positively affected by network effect parameters (decreased
IB_Thresh and increased Sc), as well as increased perceived quality (PQF), by up to ~30% (See panel (a)).
However, demand for VRP options are most positively affected by the inverse interventions to network
effect (increased IB_Thresh and decreased Sc) (See panels (b), (c), and (d), respectively). In addition, the
very large percentage changes highlighted for arranged direct reuse (panel (b)) and comprehensive
refurbished (panel (c)) products indicates that more effort to fully ascertain actual micro-data on VRP
demand is needed.
These high values result from the very low predicted demand (e.g. single-unit demand levels) for arranged
direct reuse and comprehensive refurbishment products that were estimated for the IRP Report Model (e.g.
the change from 1 unit to 10 units is an absolute shift of only 9, but a relative change of 900%). The smaller
variance percentages observed for remanufactured products (panel (d)) suggests that estimated market share
of the IRP Report Model, and proxy demand via product attractiveness in the VRP Diffusion Model, may
be similar.
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Figure 98: Sensitivity of OEM New and VRP demand projections under VRP Diffusion Model vs. IRP Report
Model in China
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In China, OEM New demand is most positively affected by the sector growth rate (increased g) by up to
~12% (See panel (a)). Like the USA results, demand for VRP options are most positively affected by the
inverse interventions to network effect (increased IB_Thresh and decreased Sc) (See panels (b), (c), and
(d), respectively).
Given that in China the restriction on remanufacturing is imposed through regulatory and access barriers,
the very large positive percentage variance observed for remanufactured products (panel (d)) may indicate
the market potential for remanufactured options in the event that regulatory and access barriers are removed.
In addition, these high variance values also result from the very low predicted demand for remanufactured
products in China for the IRP Report Model (e.g. the change from 1 unit to 10 units is an absolute shift of
only 9, but a relative change of 900%).

4.3.3 Sensitivity to Economy-Specific Model Parameters
A primary interest of the proposed VRP Diffusion Model is to identify the diffferent factors that affect the
attractiveness and adoption of VRP products in the market taking a customer-centric perspective. As such,
additional sensitivity analyses were conducted to assess the potential impact of realistic intervention
strategies within different economies.
It is unrealistic to expect that government policy-makers and industry decision-makers are able to
effectively shift fundamental cultural and social norms, even in the mid- to long-term (e.g. factors
influencing network effect). However, some interventions in VRP price discounting approach, market
awareness, and buyer eduction may offer more realistic and tangible intervention strategies in support of
increasing VRP product attractiveness and adoption. As such, as shown in Figure 99 through Figure 102,
the potential influence of adjusting the transaction value, perceived quality, and sensitivity to perceived loss
are evaluated for both the USA (panels (a)) and China (panels (b)).
In this assessment, the sensitivity adjustment to a model parameter that yields a product attractiveness score
that is greater than the baseline model (which is normalized to 0%) indicates a potential intervention target
to improve product attractiveness. In the case of VRP products, these interventions should be considered
an important part of a market transformation strategy targeting increased VRP adoption in pursuit of a more
circular economy.
As shown in Figure 99, the potential influence of increasing perceived quality may have a significant
positive impact (>100%) on the attractiveness of OEM New products in both markets: In the USA a +20%
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change to perceived quality results in a >100% increase in the product attractiveness score for the OEM
New option (See panel (a)), with an even more pronounced effect (~150% increase) observed in China (See
panel (a)). As there is no heightened sensitivity to perceived loss (∂) associated with OEM New products,
no meaningful impact observed from this model parameter.

Figure 99: Comparison of relative OEM New product attractiveness sensitivity in China vs. USA

Figure 100: Comparison of relative arranged direct reuse product attractiveness sensitivity in China vs. USA

For arranged direct reuse products (See Figure 100), an increase in perceived quality has the greatest
influence on product attractiveness in both markets (>20%, see panels (a) and (b)). Interventions to increase
transaction value or decrease sensitivity to perceived loss, can yield an increase in product attractiveness
between 10% and 15% in both markets as well.
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Figure 101: Comparison of relative comprehensive refurbishment product attractiveness sensitivity in China
vs. USA

The influence of interventions affecting perceived quality of comprehensive refurbishment products may
be slightly more impactful in China (See Figure 101, panel (b)), but across both markets an increase to
perceived quality, an increase to transaction value, or a decrease to sensitivity to perceived loss result in
increased relative product attractiveness scores.

Figure 102: Comparison of relative remanufactured product attractiveness sensitivity in China vs. USA

Finally, for remanufactured products (See Figure 102), the positive influence of increased perceived quality
on product attractiveness may be a particularly more effective approach in the USA (panel (a)); however it
appears that for remanufactured products, as with all other VRP products, increasing process-specific
perceived quality, transaction value, and sensitivity to perceived loss scores can lead to higher relative
product attractiveness results.
The results of this extended diffusion model for VRPs has revealed insights that affect the learnings from
the IRP assessment study, the modeling approach undertaken for eco-innovation and non-traditional
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offerings, as well as the implications of different strategic interventions in different economies, cultures,
and for different products. Understanding the role of different social, communication, and influence norms
as a part of the innovation diffusion process may help to develop marketing and communication approaches
(e.g. targeted audience) that are more effective at modifying the perspectives of key influencers within the
across diverse economies. Similarly, understanding that traditional emphases on discounted price for VRP
product options may be less effective than originally believed due to the significant influence that risk
aversion tendencies can have upon decision-making processes.
Ultimately, market transformation will not be successful if only undertaken at the policy or industry levels:
decision-makers in all sectors must appreciate and integrate the important role of the consumer, and
purchase decision-maker in the adoption and diffusion process. It is clear that traditional economic
assumptions may not be sufficient in the case of VRPs and other eco-innovations, and as such a more
customized, considered, and comprehensive approach is needed to support the transition to circular
economy. These, and other insights are discussed in greater detail throughout Section 5.
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5. Discussion of Key Insights
A primary objective of this dissertation is to evaluate whether innovation within the production process, in
the form of VRPs, can enable reduced negative environmental impacts of production without compromising
economic opportunity and the satisfaction of consumer needs. The following sections describe the
implications of product- and economy-level environmental and economic impacts associated with VRPs.
The pursuit of a circular economy is focused on improving the retention of value within the system as a
strategy for reducing the pressures and demands on our natural resources. From this assessment, the
inclusion of VRPs as part of a product design and business model plan, and as an increasing share of an
economy’s production mix, presents a viable and essential strategy for circular economy and the inherent
benefits thereof. It must be noted that the outcomes of these case study products and sample economies do
not provide universal conclusions and insights about the potential for VRPs and/or circular economy to
reduce environmental damage and increase economic opportunity. As highlighted previously, the unique
nature of the product (See Section 3) and complex system conditions (See Section 1.7) can significantly
impact whether, and to what extent, environmental and economic objectives can be achieved.
The following sections organize the major findings and insights of this assessment can be organized across
four main strategic themes:
1) The net-positive outcomes that can be enabled when VRPs are incorporated into the product-system
and as an increasing part of an economy’s production mix;
2) The value and necessity of expanding the boundaries of product-related decisions to consider the
product within the broader system that it will exist within for its life-cycle (product-system);
3) The importance of identifying and understanding the range of different systemic barriers that
constrain the scale-up of VRPs, with the objective of strategically alleviating these to help meet
national economic and environmental objectives; and
4) The reality of current system mechanics and dynamics, including the risk of rebound effects, that
affect the integration of VRPs within a circular economy.

5.1 Value-Retention Processes Create Net-Positive Outcomes for Circular

Economy
Across each of the impact metrics analyzed within this study, a clear and apparent net-positive outcome
was observed in almost all cases. While the environmental impacts of the use-phase of case study products
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is beyond the scope of this assessment, there are environmental impact reduction opportunities that can be
realized in the pre-and post-consumer stages of a product’s lifecycle (c.f.Cooper et al. 2017).

5.1.1 Value-Retention Processes are not Created Equal
Studies on the broad-scale potential of circular economy are starting to appear (Cooper et al. 2017, Ellen
MacArthur Foundation 2013a, 2016, World Economic Forum and Ellen MacArthur Foundation 2014).
Cooper et al. (2017) assessed global implications of circular economy for industrial energy use, using an
input-output based model focused on full supply chain embodied energy at the materials level. Although a
different methodology focused on primary energy extraction and energy dissipation, Cooper et al. (2017)
utilized many common assumptions necessary for higher-level modeling of circular economy:
acknowledging flows of materials between national economies, and therefore shared effects of circular
economy for both producing and consuming societies. Although aggregated via a different method and
perspective, these findings demonstrated the potential for circular economy to contribute to a reduction of
supply chain embodied energy of 6% - 11% at the global level. (Cooper et al. 2017)
As revealed in the review and case studies of this report, the magnitude of environmental impact avoided,
economic opportunity created, and ultimately the value retained within the system, depends upon the
specific VRP that is employed. As highlighted in Section 1.6, and in the summary presented in Figure 103,
VRPs can be divided into two groups or categories: 1) Equivalent full service life processes, which enable
a full, or almost full new service life of the product; and 2) Partial service life processes, which enable a
partial extension of the service life of the product. Associated with the service life and the specific VRP,
differing degrees of value creation, value-retention, and therefore utility for the customer, can be achieved.
When considered in the context of the process definitions (See Section 1.5), and the subsequent quality and
performance of the VRP product, it becomes clear that different VRPs are appropriate for different
objectives. Remanufacturing and comprehensive refurbishment (Equivalent full service life processes) both
add and retain relatively greater value in the system in terms of both materials and functional form than
partial service life processes; however, for some products and economies these relatively more intensive
industrial processes may increase the relative process energy requirement and associated process emissions
as well. This was observed in some of the case studies of industrial digital printers. At the same time, the
rigorous industrial process can lead to greater economic opportunities in the form of increased labor
requirement, decreased waste management costs, and greater utility, via relative price and quality, for the
customer.
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Figure 103: Summary of value-retention process differentiation within the context of EOU and EOL

As a reminder, the length of the lines in Figure 103 are only intended to reflect relative service life duration
enabled by different VRPs, and do not suggest quantified actual service life duration. The dotted lines
reflect potential service life extension enabled by each VRP, as compared to the service life guarantees
indicated by the solid lines.
In contrast, arranging direct reuse, repair, and refurbishment (partial service life processes) can be
undertaken at a relatively lower cost than full service life processes, enabling customers with budget
constraints to continue participating in the market; and they can be completed with lesser material
requirement, energy requirement and associated emissions and waste. However, partial service life
processes offer relatively limited value and utility to the customer and retain less value in the system over
time.
The case studies of this assessment show that more significant value-retention opportunities stem from
remanufacturing and comprehensive refurbishment rather than from direct reuse and repair activities at the
product-level.
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The specific impact avoidance and economic opportunity potential created by each different VRP for each
of the case study products are further clarified in Sections 5.1.2 and 5.1.4, respectively.

5.1.2 Product-Level Efficiency Gains Lead to Economy-Level Efficiency Gains
Per the IRP Report results, at the product-level, offset (reduced) embodied energy and emissions create
immediate and obvious ranges of potential impact reduction and value-retention associated with the
adoption of VRPs, as presented in Section 3.4, and highlighted in Table 58 through Table 62.
Table 58: Summary ranges of product-level material value retention via VRPs (kg/unit vs. OEM New)
Industrial Digital
Printers

Vehicle Parts

HDOR Equipment
Parts

Material ValueRetention Range

Material ValueRetention Range

Material ValueRetention Range

Low

High

Low

High

Low

High

Remanufacturing

90.9%

98.3%

79.9%

95.1%

81.3%

91.1%

Refurbishment

94.8%

99.2%

-

-

82.4%

82.4%

Repair

98.7%

99.9%

96.4%

99.5%

94.0%

99.0%

Arranging direct
reuse

100.0%

100.0%

100.0%

100.0%

-

-

Table 59: Summary ranges of product-level embodied material energy avoidance via VRPs (MJ/unit vs.
OEM New)
Industrial Digital
Printers

Vehicle Parts

HDOR Equipment
Parts

Embodied Energy
Avoided Range

Embodied Energy
Avoided Range

Embodied Energy
Avoided Range

Low

High

Low

High

Low

High

Remanufacturing

86.8%

99.4%

80.0%

96.0%

79.5%

89.9%

Refurbishment

92.1%

99.7%

-

-

80.2%

79.8%

Repair

99.7%

99.7%

96.9%

99.1%

93.2%

98.6%

Arranging direct
reuse

100.0%

100.0%

100.0%

100.0%

-

-
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Table 60: Summary ranges of product-level embodied material emissions avoidance via VRPs (kgCO2eq./unit vs. OEM New)
Industrial Digital
Printers

Vehicle Parts

HDOR Equipment
Parts

Embodied Emissions
Avoided Range

Embodied Emissions
Avoided Range

Embodied Emissions
Avoided Range

Low

High

Low

High

Low

High

Remanufacturing

86.2%

99.5%

80.3%

96.0%

79.4%

89.9%

Refurbishment

92.1%

99.9%

-

-

79.8%

79.8%

Repair

99.7%

99.7%

97.0%

99.5%

93.0%

98.6%

Arranging direct
reuse

100.0%

100.0%

100.0%

100.0%

-

-

The potential reduction in embodied materials energy enabled by VRPs (Refer to Table 60) supports the
similarly scoped study and findings of Cooper et al. (2017), who determined a potential reduction of 6% 11% of global industrial energy use related to economic activity. It must be noted that VRPs represent only
some of the circular economy approaches incorporated into the study by Cooper et al. (2017).

Table 61: Summary ranges of product-level process energy avoidance via VRPs (MJ/unit vs. OEM New)
Industrial Digital
Printers

Vehicle Parts

HDOR Equipment
Parts

Process Energy
Avoided Range

Process Energy
Avoided Range

Process Energy
Avoided Range

Low

High

Low

High

Low

High

Remanufacturing

56.9%

63.7%

65.0%

86.6%

65.0%

86.6%

Refurbishment

68.9%

85.1%

-

-

73.8%

73.8%

Repair

100.0%

100.0%

100.0%

100.0%

100.0%

100.0%

Arranging direct
reuse

100.0%

100.0%

100.0%

100.0%

-

-
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Table 62: Summary ranges of product-level process emissions avoidance via VRPs (kgCO2-eq./unit vs. OEM
New)
Industrial Digital
Printers

Vehicle Parts

HDOR Equipment
Parts

Process Emissions
Avoided Range

Process Emissions
Avoided Range

Process Emissions
Avoided Range

Low

High

Low

High

Low

High

Remanufacturing

56.9%

63.7%

65.0%

86.6%

65.0%

86.6%

Refurbishment

68.9%

85.1%

-

-

73.8%

73.8%

Repair

100.0%

100.0%

100.0%

100.0%

100.0%

100.0%

Arranging direct
reuse

100.0%

100.0%

100.0%

100.0%

-

-

The magnitude and nature of these impact reduction and impact avoidance ranges can be attributed to two
key factors: 1) the product type; and 2) the nature of the VRP being employed. (See Section 5.1.3) As the
numbers of VRP products as part of an economy’s production mix increases, the impact reduction potential
becomes significant, as highlighted in Sections 3.4.3.4, 3.4.4.5, and 3.4.5.4, respectively.
The comparative differences between the environmental impacts, enabled by the presence of VRPs within
an economy’s production mix, are demonstrated in Figure 104 through Figure 109, where example products
from each sector are shown under USA conditions. It is important to consider that although the full service
life VRPs (e.g. remanufacturing and comprehensive refurbishment) show relatively greater negative
impacts than partial service life VRPs, they also retain greater value within the product, and enable greater
utility for the customer over time.
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Figure 104: Comparative environmental impacts of VRPs for USA industrial digital printing press
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Figure 105: Comparative environmental impacts of VRPs for USA traditional vehicle engine
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Figure 106: Comparative environmental impacts of VRPs for USA HDOR engine
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Figure 107: Comparative material impacts of VRPs for USA industrial digital printing press
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Figure 108: Comparative material impacts of VRPs for USA traditional vehicle engine
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Figure 109: Comparative material impacts of VRPs for USA HDOR engine

There is often a perception that the pursuit of sustainability must come at an economic cost. While this
perception may be warranted in a short-term context, this assessment has revealed that, through the adoption
of VRPs, significant impact reduction can be achieved at the same time that economic opportunity,
including reduced production costs and potential new customer and consumer segments, is created, albeit
at different levels for each different VRP (See Figure 107, Figure 108, and Figure 109).
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As demonstrated in Section 3.2 and the comparative impacts highlighted in Figure 107, Figure 108, and
Figure 109, the reduction in new material input requirement, and the embodied value inherent in the alreadyfunctional form, ensure that VRPs can offset a significant share of costs that would otherwise be required
for OEM New production.
This cost advantage to the producer, typically in the range of a 30% - 80% reduction versus the OEM New
product, generates additional economic opportunities in several ways: first, with lower operating costs there
are fewer cost barriers to entry into the marketplace for potential VRP producers, and this can support and
enable faster scale-up within domestic industry; and second, lower operating costs enable VRP producers
to pass the cost advantage along to their customers. Lower-priced VRP product options in the market can
enable new segments of customers to participate where budget constraints may previously have prevented
such engagement (Atasu, Sarvary, and Van Wassenhove 2008, Debo, Toktay, and Van Wassenhove 2005,
Debo, Toktay, and Wassenhove 2006, Hamzaoui-Essoussi and Linton 2014b, Hazen et al. 2012). This is
particularly true in markets where access to VRP products has been historically constrained, as observed in
the Standard Open Market and Theoretical High scenarios for Brazil and China. Being able to position VRP
products at a lower price-point, even in unconstrained markets like the USA, can enable VRP producers to
compete more effectively against lower-priced options, once again creating the potential for faster adoption
and scale-up in the domestic economy. The positive influence of a discounted transaction value (price) upon
perceived product attractiveness for VRPs was also demonstrated in Section 4.3, and highlighted in Figure
87, Figure 88, and Figure 99 through Figure 102.
When aggregated to the level of a complex economy with a mixture of different OEM New and VRP
production activities, net-positive outcomes continue to be observed for the case study products in the
sample economies. While the magnitude of impacts-avoided is directly related to the size of the case study
sectors in each studied economy, the relative positive outcome of avoided impacts can be observed across
each sector and economy. These observations highlight the importance of utilizing a systems-view when
assessing the potential for VRPs within the circular economy:
1. Any increase in VRP production reduces average new material demand, and in other words, creates
an opportunity to avoid requirement for new materials. Under the Standard Open Market and
Theoretical High scenarios, the increase in VRP production within each sample economy
showcases the potential for significant reductions in aggregate new material requirements. This is
particularly significant for products that require large quantities of energy-intensive materials, such
as industrial digital printers.
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2. The avoidance of new material inputs creates significant benefits in the avoided embodied materials
energy and embodied material emissions impacts that would otherwise be incurred through the
extraction and primary processing of those new input materials. Regardless of which VRP is
adopted, a net-positive reduction in embodied energy and embodied emissions is consistently
observed across every sector and economy.
3. Inversely correlated to the increase in VRP production is the relative decrease in production waste.
In the case of vehicle parts and HDOR equipment parts, a significant amount of production waste
is generated through the transformation of new material inputs into an OEM New product. The
significant retention of the functional form and material value of component parts enabled via VRPs
thus also offsets the production waste associated with original production.

5.1.3 Product Type Affects Possible Gains from Value-Retention Processes
An important insight from this assessment is that product type and design have important roles to play in
determining the magnitude of value retention and impact avoidance potential. More specifically, the
potential benefits from VRPs are tied to the nature of the product and product architecture (Please refer to
Section 5.2.4 for more detailed discussion) and relates to whether the VRP is applied to the ‘whole’ product,
or to product ‘components’, as exemplified by industrial digital printers, and vehicle parts, comparatively.
This highlights further the necessity for adopting a product-system approach, which is discussed in greater
detail in Section 5.5.
The nature of products like industrial digital printers is that, despite other design considerations, they are
designed to be a single product within a single product-system. In other words, when an industrial digital
printer fails in a way that cannot be repaired, it is typical for the customer to require a new industrial digital
printer. This allows the OEM to have greater control over the entire system and makes it much easier to
design the product and system for VRPs. This enhanced level of control, resulting from the product being
a ‘whole’ product, means that for industrial digital printers there can be an entire infrastructure in place to
ensure that value retention can be maximized in the system through VRPs. In more general terms, when the
product is, in and of itself a ‘whole system’ (vs. parts or spares), it has been designed to work as a complete
unit (e.g. product information stays relatively more intact), and the opportunity and ability to retain value
in the system and foster greater material efficiency is much higher. For these reasons, the OEM of these
types of ‘whole’ products have an advantageous position in being able to construct and control the productsystem approaches. As indicated, higher EOU collection and VRP reuse rates were observed for these case
study products when the OEM was engaged in reverse-logistics and VRPs. As such, engagement of OEMs
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is a central and essential strategy for enhancing the efficiency of the systems supporting ‘whole’ product
VRPs globally.
In contrast, products like vehicle parts represent only a small part of the entire vehicle (which is itself a
‘whole system’) and are often produced across a much broader and more complex supply chain system. In
other words, when a vehicle part fails in a way that cannot be repaired, it is typical for the customer to
replace the vehicle part, not the entire vehicle. While compatibility with OEM vehicle design is essential,
there is also significant space in this market for parts suppliers to engage in the production of replacement
parts and spares, separate from the OEM. In this more decentralized product system, there is implicitly
greater complexity and less control. In addition to a larger number of supply chain players, there are
significantly more customers; as only small components of a whole vehicle, the reverse-logistics associated
with collection vehicle parts for VRPs can be more intricate and costly. In the case of vehicle parts, it is
also very easy for customers to secure lower-cost replacement parts without having to deal with the OEM.
In more general terms, when the product can only be utilized as a component part of another product, the
opportunity and ability to retain value in the system and foster greater material efficiency is more
challenging, and greater collaboration between OEMs, VRP producers, and third-party reverse-logistics
entities may be required.
As expanded on in Section 5.2.4, the complex nature of VRP products, processes and business models
means that the costs of pursuing VRPs, and the potential environmental and economic benefits, can vary
significantly for different firms. The decision to pursue VRPs must be a carefully considered and strategic
choice by industry decision-makers.

5.1.4 Impact Avoidance Potential Through Barrier Alleviation in the IRP Report Model
In addition to the economy-, process-, and sector-specific insights outlined in the previous sections, there
are some overarching insights that can be observed from the Theoretical High scenario, in which barriers
are alleviated in an exaggerated simulation.
Assuming current design and technological conditions, the USA and German economies that do not face
significant technological or regulatory barriers do not see significant market demand growth beyond the
expected CAGR estimates specific to each case study product and sector. However, as the share of VRPs
in the production mix increases under the different scenario conditions, net-positive avoided impacts of
embodied material energy requirement, embodied material emissions generation, and material consumption
are observed. (Refer to Figures in Sections 3.4.3.1, 3.4.4.1, and 3.4.5.1)
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In contrast, the economies of Brazil and China, assuming current-state regulatory, technological, market,
and infrastructure conditions, do show market demand growth opportunity beyond the expected case study
product and sector CAGR, in both the Standard Open Market and Theoretical High for VRP Products
scenarios. This additional growth is attributed to increased access by way of alleviating barriers to VRP
products previously unavailable under Status Quo conditions, as new producers and consumers engage in
the VRPs and VRP products. Customers previously unable to participate in the market due to budget
constraints, can access lower-cost refurbished and remanufactured options under simulated barrieralleviation scenarios; In some economies (e.g. China), this may offset the prevalence of arranging direct
reuse and repair activities to some degree, as other affordable VRP options become available. It must also
be noted that in economies that restrict access to VRP products, the alleviation of barriers may increase the
share of imports that help to supply domestic demand, and this can have downward pressure on domestic
production levels. This is specifically observable in the results from the Standard Open Market for VRP
Products scenario for HDOR equipment parts in Brazil and China. (Refer to Figure 70 and Figure 71)
It is also apparent that the pre-existing conditions of each economy have a significant influence on the
adoption of circular production processes, relatively. Although aggregate impacts of domestic production
show correlated increase, the average per-unit impacts of domestic production decrease as the share of VRP
production scales-up within an economy.
Of significance are the starting levels of VRP products in the market and production mix, as well as
customer attitudes and perceptions of VRPs products, and the presence of competing alternatives (e.g.
repair, and/or lower-priced OEM New versions of the product). (Rogers 1976, 2003). These factors were
observed to affect the rate at which different VRP products were demanded by a scenario market over the
simulated period, as well as the rate at which producers adopted and engaged in VRPs. This is particularly
apparent in the case of China’s Standard Open Market for VRP Products scenarios, where even though
significant relative VRP production growth potential may exist, when applied to the almost non-existent
starting production share for VRPs (effectively zero), market transformation is still slow. (Refer to Figure
42, Figure 55, and Figure 71) From a strategic perspective, in economies that have low starting VRP market
share and low levels of market awareness, it will take longer to reach meaningful thresholds for uptake of
VRP options. This influence is similarly observed under the VRP Diffusion Model for China (Refer to
Section 4.2.4), where low starting levels of VRP products lead to lower levels and sensitivity of relative
VRP product attractiveness (See Figure 88, panel (a)) to the installed base threshold parameter; as intended
by the VRP Diffusion model, this also leads to lower levels and sensitivity of estimated demand share for
VRP products (See Figure 92, panel (a)).
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The extent to which an economy relies upon imported products to meet domestic demand influences the
extent of benefit that can be achieved by increasing domestic demand for VRP products. This can be seen
in the case study examples for Germany, Brazil and China in the Standard Open Market scenario for all
case study sectors: The imposition of a higher import share than normally exists in those economies (based
on USA import ratios for each specific sector), leads to a minor reduction in domestic production levels in
the short-term. While environmental impacts of that offset domestic production have been reallocated
elsewhere, in these cases the domestic economy misses out on the economic opportunities that would
otherwise be associated with increased demand for VRP products. If increased VRP imports come from
economies with less efficient and/or more harmful production conditions, the impact reduction opportunity
may have been negated, or even worsened; in contrast, if increased VRP imports come from economies
with more efficient and/or less harmful production conditions, the impact reduction opportunity may be
improved. This leads to the important insight that the alleviation of trade barriers can create additional
issues and complexity in the short term, and therefore must be considered carefully in the context of the
entire production-consumption system. These concerns are tied to one of the systemic rebound effects
identified by this assessment and are further discussed in Section 5.3.2.
As observed in the IRP Report Model analysis, regardless of how quickly, or to what extent VRPs increase
within the production mix and/ or market demand, the potential to offset new material requirement, and
retain value within the system is automatically increased with the alleviation of barriers to VRPs through
the Standard Open Market for VRP Products and Theoretical High for VRP Products scenarios.
While the absolute magnitudes of new material offset, energy requirement, and emissions generation are
dependent upon the product type, and the magnitude of the domestic industry and production level, the
opening of markets and alleviation of barriers can lead to net positive impact avoidance, and automatic
improvements in material efficiency. This was observed consistently across each case study sector.
The inclusion of VRPs into domestic production activities has demonstrated efficiency opportunity across
each studied scenario economy: Through enhanced technology and processes in economies that currently
have low or no VRPs, VRP innovation enables new efficiency and opportunities to pursue circular economy
with positive impacts that can ripple across the entire economy. Through improved design, distribution, and
market transformation in economies that currently have well-established VRP activities, higher efficiency
and impact reduction gains are possible. However, as observed under this assessment, the most meaningful
impact reduction potential will only be possible through bold and assertive initiatives that enable the
extreme, but essential vision of the Theoretical High scenarios.
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5.2 Implications for Industrial Design Strategy and Practice
(This section on industrial design strategy and practice is the product of significant discussion,
collaboration, and written contribution from Brian Hilton63 and Kyle Parnell64).
The design community has identified that there are key differences between design for sustainability (ecodesign), and design for circular economy: most fundamentally, design for sustainability principles are
typically based within the traditional waste hierarchy, and founded in the assumption that a product will
inevitably become waste; this contrasts with the ideal circular economy vision that waste does not exist
(den Hollander, Bakker, and Hultink 2017). Critiques of the waste hierarchy emphasis that has traditionally
guided eco-design suggest that the inclusion of disposal within the waste hierarchy framework is
problematic because it legitimizes the option (Van Ewijk and Stegemann 2016); in addition, from a product
design perspective, the dismantling and destruction of a product’s integrity required by recycling makes
this the least preferable process in the context of a circular economy (den Hollander, Bakker, and Hultink
2017).
As discussed, more circular systems can be created in several ways: By directly reusing products that still
have useful life; repairing and servicing products to restore quality to diminished life; refurbishing products
to extend life beyond the traditional end; or remanufacturing products to create an entirely new service life.
In other words, utilizing product and product-systems design to minimize the need for recycling and
disposal within the product’s life cycle.
Ensuring that these approaches can be successful and effective, however, requires both business models
and product characteristics that make such strategies economically viable. (den Hollander, Bakker, and
Hultink 2017) Working back from the end-of-life, the greatest influence on a product’s viability for VRPs
comes invariably from its design, where decisions made early in the design process can dramatically impact
both the economic viability and sustainability of a product. Huthwaite (1988), for example, found that while
product design processes are responsible for only five percent of a product’s cost, the design itself
determines 75-percent or more of manufacturing costs. Similarly, Nasr et al. (2002) suggest that design
decisions also influence more than 80-percent of a product’s environmental and social impacts. It is thus
clear that without early design intervention, the value recovered through and benefits created by these VRPs
cannot otherwise reach a point of economic viability.
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Guided by the Inertia Principle, Stahel’s guidelines for circular design (2010, 195) highlight meaningful
logic for a circular design hierarchy : “Do not repair what is not broken, do not remanufacture something
that can be repaired, do not recycle a product that can be remanufactured. Replace or treat only the smallest
possible part in order to maintain the existing economic value of the technical system.” While this approach
does not embrace the potential for value creation through upgrades and/or exceedance of the functional
specifications of the original product, it provides a product-centered focus on design principles that can
help to guide the design decision process. (den Hollander, Bakker, and Hultink 2017)
It is important to note that product design goals are often dictated by the underlying objectives and
constraints of the producer, and the conceptual production approach. When the producer framework relies
on a basis of widely accessible, inexpensive materials and a business model that champions sale volume,
product design objectives become focused on balancing cost, quality, functionality, and delivery. In this
context, durability and longevity are often sacrificed willingly, as eventual obsolescence and replacement
become drivers of continued sales. As such, the pursuit of circular economy depends largely on business
strategies that recognize the need to decouple economic growth from volume-based prosperity, and the need
to support decision-makers’ understanding of where to start.

5.2.1 Integrating Design and Circular Economy Business Model Innovation
When considering the integration of circular economy business models and product design, Bocken et al.
(2016) identifies two primary objectives: the objective of slowing flows of materials and resources; and the
objective of closing loops within the system.
The closing of material loops is heavily focused on the material level (not the VRP product level), and
requires radical firm and system changes, and collaboration with other system actors to identify industrial
symbiosis opportunities, and to extend resource value by exploiting the residual value of materials. (Bocken
et al. 2016) To close product-loops, design principles targeting the dis- and reassembly of products can
contribute to the efficiency, effectiveness, and cost-management of VRP systems. (Bocken et al. 2016)
The slowing of material and resource flows within circular systems requires different product- and businessdesign considerations. An overarching sufficiency approach incorporates the objective of reduced
consumption into product design via durability, upgradability, reparability, the provision of service
warranties, and a non-consumeristic approach to the market (Bocken et al. 2016). At the product-level, this
may involve design for long-life (e.g. durability, repair) and design for product-life extension (e.g. design
or remanufacturing), all oriented at keeping the product in the system for longer, thus slowing the flows of
materials and resources into and out of the system. For the firm, this may involve a business model focused
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on providing access and performance (rather than ownership), and systems to enable product value
extension (e.g. via VRPs) and long-life (e.g. service warranties). (Bocken et al. 2016)
To design for product integrity (den Hollander, Bakker, and Hultink 2017) a systems-perspective must
encompasses the expanded life cycle view of the product and product-system, as well as consider the
various stakeholders that need to be involved in the process. As highlighted by Bocken et al. (2016) circular
economy business models looks to generate value and profit from the flow of materials and products over
time. Innovative service-oriented product and business models show promise in minimizing disposal of
potentially valuable resources by enabling producers to retain ownership of the product; with retained
ownership comes the additional opportunities (and challenges) to improve and optimize product design and
delivery, service contracts, and systems to facilitate VRPs at product EOU and/or EOL.
Product- Service Systems (PPS) are one type of approach that, through different mechanisms, can provide
access and performance (delivery of service) alongside, or instead of providing just a physical product
(ownership). (Bocken et al. 2016) . Where ownership by the firm is maintained under some PPS-approaches
(See 5.2.1.1) , firms are incentivized to design their products for efficiency, durability, serviceability, valueretention, and multiple service life potential. (Tukker 2015b) There are different types of PSSs, as outlined
in Section 5.2.1.1.
One PPS approach that falls into the results-oriented category of PPS offers a pay-per-use or pay-per-unitservice approach that shifts the firms profit center away from the provision of the product to the provision
of a result that is valued by the customer. For example, an industrial printer provides the service of printed
materials, degrading over time with use. Under a pay-per-unit approach, users pay for every printed sheet:
this approach, by design, helps the user to associate the product degradation from use with a real unit-cost,
ultimately encouraging the minimization of total costs of ownership and the maximization of product life
times. (Baker 2006, Lifset 2000) Alongside some critiques of shifted ownership models, Lifset (2000) notes
that the emphasis on possession and results (instead of the product) does not necessarily change the design
or impacts of a product and product-system. Implicit for mutual circular economy and sustainability
objectives to be achieved is the need to integrate these innovate business models with circular economy
design principles.
5.2.1.1

Product Service Systems in a Circular Economy

According to Boehm and Thomas (2013) “…a Product-Service System (PSS) is an integrated bundle of
products and services which aims at creating consumer utility and generating value.” There are three main
categories of PSS: Product-oriented PSS, which are mainly focused on sales, with some added services;
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Use-oriented PSS, in which the product stays owned by the producer, is made available to the user in a
different form, and may be shared by multiple users (e.g. leasing, renting/sharing, pooling); and resultsoriented PSS, in which the client and the provider agree on a valued result, not necessarily on a product
(e.g. activity management, pay-per-service unit; pay-per-fractional result). (Tukker 2004, 2015b)
There is increasing academic interest in PSS, with research and investigation approaching the potential
opportunity from engineering, business, and environmental perspectives (Tukker 2015b). The design
perspective requires that PSS integrate additional considerations and steps, including demand identification,
feasibility analysis, concept development, service model development, realization planning, and service
testing (Tukker 2015b). Design for modularity, requirement engineering, and economic optimization
techniques are particularly important design principles within the context of PSS approach (Tukker 2015b).
Shared- ownership models, involving collaborative agreements between users is often a proposed model
for reduced total consumption and value creation (Bocken et al. 2016). The communal sharing of services
(e.g. cleaning, maintenance) and access (e.g. to a product) creates value for stakeholders by helping to
reduce costs across the network. (Bocken et al. 2016) Additional approaches including the exchange of byproducts enables participating parties to capture value by avoiding costs and engaging the creation of new
business opportunities generated from former waste materials. (Bocken et al. 2016) Lifset (2000) notes that
sharing models may create the risk of moral hazard: without appropriate protections and contracts that
require the individual user to ensure maintenance of the shared good, there is the potential risk that usephase environmental burdens may be increased, and/or product lifespan may be reduced.
Although much of the current research on PSS demonstrates the opportunity for improved resource
efficiency (Schmidt-Bleek 1993, Stahel 1982), not all approaches to PSS are equally effective. Per Tukker
(2015b), the design focus from product- and use-oriented PSS approaches lack clear sustainability outcomes
and may have unintended consequences: product-oriented PSS is still highly motivated to sell more
products; careless and/or more intensive use under use-oriented PSS can affect service life and potential for
VRPs (Tukker 2015b); whereas results-oriented PSS have demonstrated some success at achieving resource
efficiency – not because of the sustainability motivation, but rather as a result of the built-in business
incentive for keep costs low, thereby decreasing associated material use and impacts. (Tukker 2015a)
Not all offerings may be appropriate for a PSS approach, and firms must consider the costs and opportunities
of PSS vs. product for their particular offering (Tukker 2004). Specific considerations must include the
market value – including tangible and intangible value to consumers/users,-- the production cost of
operating the PSS, the inherent capital and investment needs for PSS production, and whether a PSS
approach will enable a firm to capture value in the current and future value-chain. (Tukker 2004) PSS have
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been found to work best for products that are expensive, technically-advanced, require maintenance and
repair within their service life, are easy to transport, are used infrequently by the customer, and are not
heavily influenced by fashion or branding (Tukker 2015b) (Please refer to Section 5.2.4 for further
discussion on appropriate use of VRPs).
In a B2C context, the intangible value created by accessibility and convenience is important but often
overlooked factor that can affect the success of a PSS initiative; in addition, PSS do not deliver the
ownership ‘extras’ of status and esteem that may motivate consumers (Tukker and Tischner 2006). In
contrast, important considerations for B2B relationships included a well-regarded brand reputation, relevant
service competencies, and strong buyer-seller relationships indicative of the firm’s ability to provide value
beyond the product (Brown, Sichtmann, and Musante 2011, Tukker 2015b).
Successful approaches to alternative business models for circular economy involve an appreciation for both
the functional and non-functional characteristics of a product. (Lifset 2000) Understanding the potentially
multiple aspects of a product or service that generate value for the user/customer can help firms to envision
new ways of approaching the marketplace: For example, Interface Inc. may manufacture modular and
recyclable commercial floor tiles, but what they provide to their customers is a flexible, reliable,
aesthetically-pleasing, and maintainable floor-covering service that includes environmentally-sound
management at EOU. (Ceschin 2013, Johansen 1998) Firms that identify and properly integrate these
customer value perspectives into their business models, alongside other principles outlined in Box 3, can
potentially achieve greater savings, consume fewer resources, and reduce their net impact on their
environment.
A business case and business model focused on maximizing the useful life and utilization rates of a product
significantly reframes the design objectives and parameters. Accompanying this type of model is an
incentive to build and enhance effective and efficient product collection systems and networks throughout
all markets in which the company operates. Some of the successes observed in the industrial digital printer
and HDOR equipment parts sectors, as analyzed within this study, relate to the willingness of producers in
those sectors to develop and invest in more innovative business models that not only help to accomplish
the actual needs of the customer, but which also contribute significantly to circular economy through the
adoption of VRPs.

5.2.2 Integrating Product Circularity into Product Development
Looking specifically at VRPs, design for product integrity as proposed by den Hollander, Bakker, and
Hultink (2017) aims to prevent product obsolescence and recover resources at the highest level of integrity.
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Several design for product integrity strategies are proposed targeting long use (design for physical
durability; design for emotional durability), extended use (design for maintenance; design for upgrading);
and recovery (design for recontextualizing; design for repair; design for refurbishment; and design for
remanufacture). (2017, 521) They also call for an acknowledgement that product design for circular
economy must take place with a systems perspective that considers the business model needed to enable
the retention of production integrity and economic value over multiple service life cycles. (den Hollander,
Bakker, and Hultink 2017)
While the importance of educating designers and engineers about VRPs and equipping them with the proper
tools cannot be understated, even the best-educated design team could not create a product within the
context of circularity if not explicitly called for in the product specifications and requirements. This is
because designers are not the primary decision-makers regarding what a product does or how it does it;
rather, they focus on using creativity to meet such product requirements—specifications that are defined
much earlier in the product development process.
Many industry leaders use a structured product development process to identify critical action and decision
points between the emergence of an idea and the commercialization of a product. Although the actual
implementation of each process can vary significantly by company, product, and context, there are six key
phases— (1) Planning, (2) Business Case, (3) Define, (4) Concept, (5) Design, and (6) Launch—that are
common across nearly all industries. After each phase, a final decision of whether to continue product
development is made based on the degree to which development up to that point has fulfilled the preceding
phases’ criteria for success.
Figure 110 illustrates this process framework and the critical decision points within each phase, including
conceptual examples of where VRP considerations (red text) might be integrated to create systemic
viability.
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Source: B. Hilton, 2017

Figure 110: Product development processes with integrated value-retention processes

The conceptual framework that defines what a product must do—what needs it will meet, and how it will
meet them—is created early in the product development cycle, long before the design team begins. Before
designing, a company must first decide whether VRPs fit within its corporate strategy and business models;
whether it has the knowledge and the infrastructure to support these VRPs; and whether it can overcome
regulatory and market barriers on the path to economic viability. (Refer to Section 5.2.4) These decisions
ultimately inform the degree to which VRP considerations may feasibly become specified product
requirements.
Thus, the design phase is too late in the development process to begin addressing the opportunity for VRPs,
and while strengthening the design team’s tools and education is important, it is also insufficient as an
isolated strategy in pursuit of circular economy. Instead, requirements for VRPs must be made a central
component of the product specifications before designers are asked to approach them; this will better enable
designers to leverage the appropriate knowledge and tools to fulfil these requirements. Of relevance to this
assessment are the planning, business case, and design phases of this process.
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5.2.2.1

Product Planning

The planning phase of a product development program is used to define the fundamental market and
business needs in each product space. From there, a company outlines a set of high-level requirements to
describe what a product should do to meet these needs. In these investigations, a company explores the
overall market opportunity, identifies market risks, defines the customer requirements, surveys existing
products and their features, develop the financial goals and priorities for manufacturing, and indicate key
priorities for further development. It is in this phase that governmental regulations, customer expectations
and demands, and the awareness created externally may most influence the trajectory of product
development and, ultimately, its final characteristics. These factors create the context in which any new
product will exist, and thus by extension influence the constraints and characteristic expectations to which
it must adhere. Understanding the systems-implications of customer preferences, regulations, or purchasing
influences favoring VRP products and systems—or highlighting the potential costs of neglecting these
factors—can help to guide companies in the integration of VRP potential into the fundamental product plan.
5.2.2.2

The Business Case for the Product

The business case phase is a critical data collection phase in which the product is defined, justified, and a
project plan developed. It is in this phase where the team develops and uses financial models to evaluate
the impact on the business case of using VRPs. Under traditional business models based in the assumption
of ‘ownership’, corporate responsibility for the product is typically considered up to the point at which it
leaves the production facility; after which, all things related to the product are left to the new owner: the
customer. The value that is accounted for is reflected in terms of profit margin.
However, there are innovative business models already in the market place which are much more supportive
and enabling of circular economy. (Refer to Section 5.2.1) Use-oriented PSSs present a new approach to
more sustainable business models, offering opportunities to enhance the competitiveness of the business
while achieving additional sustainability objectives at the same time. (Beuren, Ferreira, and Miguel 2013,
Tukker 2004, 2015a) For example, the producer may retain the ownership of the product, and the business
case value would then instead be based on regular fee-based revenue that the customer pays for the service
provided, such as pages printed, or miles driven. (e.g. leasing, renting, and pooling models) (Tukker 2004).
Inherent in this approach is a different perspective of the product in question: rather than a business case
focused on short-term cost minimization, profit maximization, and the accomplishment of sales objectives
and targets, the business case may instead be informed by an incentive to consider the full life-cycle of the
product, rather than just cradle-to-gate; it may also be informed by an incentive to retain asset value, design
the product for longevity, and potentially to design the product for additional usage cycles through VRPs.
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5.2.2.3

Product Design

In this phase, product concepts are developed from proof-of-concept technologies into product designs,
manufacturing approaches, and systems-level prototypes that are fully functional and may lead to full
commercialization. Design strategies must, of course, leverage knowledge and tools that support the
creation and integration of circularity-enabling product features and technology systems. As the penultimate
phase in the product development process, however, the design stage is certainly too late a point at which
to begin considering product circularity. In this sense, product design processes absolutely depend upon
thorough upstream integration of and investment in circular considerations in order to create products and
systems that may actually achieve the desired circularity and value-retention.
Ultimately, designs must be translated into prototype products and systems, which must be fully tested
under the actual economic and environmental conditions of the intended deployment context.
Comprehensive plans and simulated models for manufacturing, financing, introducing, and distributing the
product can then be designed and developed based on these prototypes. In this, design, development, and
testing stages serve primarily to validate the entire project—from the product to the manufacturing
processes to the economic viability and customer acceptance in competitive markets. A product’s
circularity, then, is not a function of its design, but rather a systemic effect, caused by preceding influences
in Phases 0 through 3 and finally only enabled by design.

5.2.3 Designing for Product Circularity
It is thus clear that enabling a more circular industrial economy is a systemic endeavor that begins long
before product developers create physical product designs or functional prototypes. Given the potential risk
of unintended trade-offs between design principles, a systems-perspective is essential: Where a high-level
of modularity and integration may help to reduce part count and/or better organize product sub-systems,
these design paths may constrain future potential for upgradability within a VRP process, or even constrain
recyclability at EOL.
Many of the formative business and market decisions that ultimately drive the adoption of a circular
philosophy require supporting decision-makers with the knowledge that circular industrial and economic
models are indeed available, accessible, and technically feasible. To this end, it is necessary to discuss the
principles by which products and systems may be designed for circularity not just in Phase 4, but throughout
the entire product development process across three major principles— (1) creating value, (2) protecting
and preserving value, and (3) easily and cost effectively recovering value—under which different
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approaches to designing products for a circular economy may be explored. These principles along, with
corresponding design approaches, are illustrated in Figure 111.

Source: B. Hilton, 2017

Figure 111: Design principles for VRP products

5.2.3.1

Creating Value

Priem (2007) defines value creation as “innovation that establishes or increases the consumer’s valuation
of the benefits of consumption. When value is created, the consumer will either (1) be willing to pay for a
novel benefit, (2) be willing to pay more for something perceived to be better, or (3) choose to receive a
previously available benefit at a lower unit cost, which often results in a greater volume purchased.”
The total value created can be viewed as the sum of all the enhancements and efforts that are embedded in
the product through the process of conceiving, making, and providing the product to the customer plus any
additional perceived benefits by the customer. It is a sum of all the effort exerted to create the product
including the intellectual capital invested in inventing and refining ideas. It is also a measure of the effort
required to harvest raw materials from nature in diluted and unorganized forms, such as mineral ores or
crude oil, and to convert the raw materials into usable intermediate materials, such and metal sheet or bar
stock, or pelletized plastic resins. The value also includes the materials and effort to develop the
manufacturing processes that convert the usable intermediate materials into higher form parts and
assemblies, and the investment required for part and assembly tooling. Finally, the embedded value includes
the cost of business practices, marketing, infrastructure, and logistics used to get the product to the
consumer.
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VRPs have advantages over recycling because they recover value beyond just the materials. VRPs can
recover the entire function of the part or assembly. Inherently, VRPs then retain the unique technological
function and the resources used to invent and manufacture the part or assembly. VRPs can also recover the
engineered plastics, carbon fiber, laminates, and alloyed metals that are not typically recovered by
recycling.
Accordingly, product design must consider product circularity as a specific requirement in order to
maximize the ability to recover value. This can be accomplished by integrating product functions,
concentrating the value into parts and assemblies that are easy to recover, and assuring that the product
meets high quality standards. The collection of high value-added products through VRPs is therefore
generally much less costly than fabricating new products from virgin materials.
5.2.3.1.1

Design to Integrate Value

A similar principle includes that assemblies should be designed to be multifunctional with a high level of
integration to minimize part count. This consolidation reduces the overall number of parts, reduces the
assembly and disassembly complexity, and enables a modular structure further improving access to systems
and components needing further processing (Sa’ed and Kamrani 1999). This approach is also referred to as
Design for Modularity (DfM) and is a common design approach in leasing-focused business models for
industrial digital printers (Agrawal, Atasu, and Ülkü 2016). However, when applied to consumer
electronics, the upgradability of products can result in conflicting outcomes in economic and environmental
benefits related to consumer interest, competitiveness, and consequent demand (Agrawal, Atasu, and Ülkü
2016, Ülkü, Dimofte, and Schmidt 2012). In addition, the nature of the product and product architecture
can affect whether the modular upgrade results in superior or inferior environmental performance relative
to the OEM New versions (Agrawal and Ülkü 2012).
Where modularity is an appropriate design strategy, products should be designed with standardized parts
allowing reuse in other models or subsequent models, maximizing the demand and outlets for reused,
refurbished, and remanufactured parts. Finally, many manufacturers use VRPs to extend their ability to
deliver products for several years after the main assembly line has been decommissioned. Examples include
auto parts such as engine control units or alternators in which these products are required to support
warrantee claims years after the main production has been shut down.
5.2.3.1.2

Design for Quality

Designing a product for VRPs also requires setting high standards for the quality of the original product.
The value for which customers pay is ultimately in the function a product performs; As such, developers
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must design VRP products to retain their value over multiple life cycles, seamlessly fitting back into the
production line and meeting the original tolerances despite part-to-part variation.
Designing-in quality beyond what is required to satisfy minimum customer first-use expectations will
improve the quality of products recovered at EOU for reuse in VRPs, and, in turn, help to reduce costly
rework, sorting, scrap, and requalification costs that might threaten the economic viability of VRPs.
(Anderson 2004, Shimbun 1989). Maintaining product viability in these markets is both economically and
environmentally preferable to simply recycling intermediate materials and can enable more systems-level
circularity and profitability than material reclamation alone. Based on the embodiment of high value at
product EOL, the initial investment in tight product tolerances, quality tooling, durable materials, and
functionally flexible design strategies can pay off with high collection yield.
5.2.3.2

Preserving Value

Designing to preserve the product value starts with making the product durable to be able to last multiple
lifecycles, surviving the potential for both physical and emotional obsolescence (den Hollander, Bakker,
and Hultink 2017) This includes selecting materials appropriate to resist the environmental conditions that
cause wear, corrosion, and fatigue. This principle also includes designing the product to be viable for future
life cycles, designing around requirements that are likely to change, such as aesthetics, energy efficiency,
or functional performance. Preserving value also means enabling appropriate service and maintenance
preventing the product from failing prematurely, and to be forward looking and proactive when designing
to be compliant with government regulations.
5.2.3.2.1

Design for Durability

Products that are targeted for VRPs, need to be durable and built to last the intended life cycle. The product
durability needs to match the intended life, and not be overdesigned (Keoleian and Menery 1993). The
design for durability approach considers the product’s longevity, reparability and maintainability. Many
products are exposed to harsh environments and environmental stresses such as: solar radiation, thermal
cycling, mechanical bending, mechanical friction, impact, or chemical degradation. Preserving the
product’s value includes designing-in durability so that the product resists material degradation, corrosion,
and wear. This includes selecting the appropriate material and may include material hardening or corrosion
resistant coatings to extend component life. It also includes avoiding materials that degrade with age,
exposure to environmental conditions, or exposure to chemicals such as the ones used in cleaning processes.
Products can also receive damage not only during use, but also during collection and processing (Bras and
Hammond 1996). Designing to preserve function may therefore also include shielding and protection
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against damage during use and collection. If degradation cannot be avoided, then larger components can be
designed with replaceable wear surfaces to minimize the size of the components to be remanufactured or
replaced. Another design alternative could be to use sacrificial parts as wear surfaces to protect the more
valuable components. Many OEM producers of HDOR equipment incorporate this design approach, with
scheduled maintenance and refurbishment procedures scheduled at the point-of-sale of the original OEM
New product.
5.2.3.2.2

Design for Viability

Preserving value also assures that the design is viable at the time of collection. Design viability refers to
how long a product is expected to occupy a competitive position in the marketplace. Product designs in
stable technological domains can remain viable for long periods of time. For example, basic diesel engine
platforms for over-the-road trucking and rail transportation remain relatively unchanged for many years.
However, many products have requirements that are likely to change over their life cycle; such as aesthetics,
energy efficiency, technology integration, software, or functional performance. Preserving the product’s
value for multiple life cycles may therefore require that the product be designed to consider the consumerproduct relationship (den Hollander, Bakker, and Hultink 2017) to ensure viability at the time of collection,
either through timeless design or through upgradeability.
There are a number of strategies that can be used to increase design viability when rapid technological
obsolescence is an issue. Computer servers are an excellent example of a design for upgradeability (DfU)
which is a subset of the design for viability approach used to extend the product’s useful life. A survey of
the IT market by IDC Research revealed that replacing a server after three years of operation will have a
return on investment (ROI) of less than one year as compared to continual operation of current equipment,
based on the efficiency, reliability, and performance gains of the new equipment (Scaramella et al. 2014).
Additionally, the cost for power and cooling grew eight times as fast as the server purchasing costs, and the
costs for maintenance and management grew four times as fast as the server purchasing costs enhancing
the effects of the efficiency gains (Scaramella et al. 2014). The increasing difference in cost of operating
the existing design over new demonstrates how a product can lose viability over time.
This rapid change in performance is an opportunity for manufacturers to design in features to enable
upgrades to extend the life and viability of the product. Server manufacturers have taken this principle to
heart and have designed many of the components with the demonstrated history of improving performance
to be “refreshed” or upgraded such as: memory, mass storage devices, network connectivity, processors,
and power supplies extending the service life of the product and reducing the need for wholesale
replacement.
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Other products, such as the PuzzlePhone (http://www.puzzlephone.com), are designed with various
technology subsystems concentrated in modules so that entire subsystems with expiring function can be
replaced or upgraded preserving the value of the remaining product. This type of “upward remanufacturing”
(Nasr and Thurston 2006) or “adaptability” (Li, Xue, and Gu 2008) enables the remanufactured product to
be incorporated into a new or “next generation” system (Bras 2007, 2010).
It is also important to design products in order to meet potential future regulations that may be enforced at
the time the product is recovered for reuse in VRPs. This includes avoiding potentially hazardous
substances and materials in the product, checking for human health, safety, and environmental product
aspects, and selecting lower impact materials. Another way to be forward looking is to evaluate the
regulatory trend lines on the metrics of interest. Regulations targeting automobile emissions or equipment
energy efficiency continue to tighten as the product technology catches up with the current requirements.
A forward-looking product designer may try to project where regulations are going and design to meet the
future regulation rather than just satisfying the current compliance requirement.
5.2.3.2.3

Design for Serviceability

Predictive processes have been a mainstay of maintenance for decades; the Reliability Centered
Maintenance process (RCM), for example, was first published by United Airlines in the late 1970’s. RCM
introduced the difference between potential failures—identifiable conditions indicating that a complete
failure is either about to occur or is in the process of occurring—and functional failures in which the product
can no longer perform the required function.
However, the advancement and increasing complexity of industrial technologies compels maintenance
systems to extend beyond regular testing and maintenance and enable continuous performance
management, component condition monitoring, and prognostic analysis as a means of ongoing equipment
support. Developments in these technology areas promise not only to maximize efficiencies and extend
product life, but also to minimize downtime and interruptive assessments that can cost valuable time and
energy. Collectively, technologies that enable this kind of advanced monitoring are termed Prognostic and
Health Management (PHM) systems.
Prediction methodologies in this space are widely underdeveloped, and while the potential benefits of such
systems are immense, many industrial users rely on products and equipment that supports only limited
performance monitoring and prognostic systems. In this respect, circular system across multiple industry
sectors stand to benefit enormously from the development of technologies and methodologies that allow
circular systems to be integrated with advanced PHM capabilities. Resultant benefits in product life
extension passed on to users will subsequently minimize recurring capital costs of maintaining, repairing,
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and replacing equipment, and will also allow for improvements in energy efficiency, as well as reductions
in downtime and production interruptions.
5.2.3.3

Recovering Value

Designing to economically recover the product value starts with being able to accurately assess the value
of the product when it is returned so that decisions can be quickly made on the next steps required in the
process. This may include designing in visual indicators to help improve the speed and accuracy of visual
inspection, or it may include more sophisticated sensor data. This principle also includes designing the
product so that is can easily be disassembled and separated, both to access and remove valuable
components, and to enable further processing. This principle includes designing appropriate fastening and
joining methods, access, and ease of handling. Finally, the design should enable any required processing to
bring the product back to the required standards. In many instances, this includes cleaning, material
restoration, functional restoration, and re-assembly.
5.2.3.3.1

Design for Assessability

Fast and accurate assessment of the products functional state and level of degradation at the time of recovery
is essential for enabling efficient and appropriate decisions about the effort necessary to restore additional
life and value. In most cases at the EOU some level of functional degradation or failure has occurred. The
design for assessability approach is to enable the functional degradation to be more easily detected. This
includes designing the product such that the components can be inspected in the least number of
disassembly steps as possible.
As such, the design team should determine if the functional failures can be detected at the system level or
if some level of disassembly required. For example, there may be some system level precursors to failure
which may be used to determine the level of remaining function. Precursors are measurable metrics that
will change as the part or assembly ages (vibration, heat, color, wear length, resistance, etc.). Additionally,
the failure mode may have a wear out pattern. The product may therefore be designed with a wear surface
that changes color to indicate the depth of wear to improve the speed and accuracy of visual inspection.
The highest form of assessment is to design a "smart part" with sophisticated sensors that are capable of
tracking and recording the product usage (e.g. operating hours, environmental conditions) and can relay
this information during recovery enabling a quick assessment of remaining life (Bras 2007, Charter and
Gray 2008).
Additionally, it is necessary to understand if the product has already been through a VRP (reused,
refurbished, or remanufactured). All parts and modules should therefore be designed to be marked or
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tracked so that the number of cycles can be identified. This documentation and tracking mechanism should
be available from cradle to grave and could include product documentation, markings or labels, bar code
identification, or RFID technology.
5.2.3.3.2

Design for Disassembly / Separability

Design for disassembly (DfD) is a design approach that considers the future need to disassemble and
separate a product for VRPs. This design approach starts with structuring the product to make the most
important components accessible and not buried within the assembly. In the context of VRPs, components
are “important” if they require processing, such as cleaning, upgrading, material restoration, functional
restoration, collection, or replacement, and need to be removed from the product. This approach also looks
to create a modular structure, or co-locate or group similar materials, parts that wear out, or parts with the
same technology in close proximity so that they can be simultaneously and easily separated, replaced, and
recycled. Also, the approach looks to design components to be multifunctional to reduce the overall number
of components since fewer components make disassembly easier and faster.
Design for disassembly includes designing appropriate fastening and joining methods, access, and ease of
handling (Bogue 2007, Boothroyd and Alting 1992, Bras 2007). Common practice avoids permanent
fastening techniques such as welds, adhesives, heat staking, crimping, or rivets between modules or
components that will be replaced, remanufactured, or recycled. These permanent fastening techniques
increases the disassembly time and cost. In addition, joint designs should consider all VRP characteristics
such as load conditions, assembly and disassembly efficiency, operating environment, cleaning, and
overhaul and maintenance.
5.2.3.3.3

Design for Restorability & Cleaning

After the product is assessed and separated, the design should enable restorative processing to bring the
product back to its original standards of condition and performance. In the case of remanufacturing-focused
design literature this is sometimes referred to as ‘remanufacturability’, or design for remanufacture (den
Hollander, Bakker, and Hultink 2017). In so doing, a new, valuable lifecycle may be created from the
product without the loss of the value embodied in the processes that built it or the materials from which it
was constructed. The ability to recover value implicitly depends on how well the elements that constitute
that value—the parts and materials that perform the product’s function—were preserved, how easily they
can be accessed, how quickly they can be evaluated, how simply they may be processed, and how well they
can compete with contemporary products once restored .(den Hollander, Bakker, and Hultink 2017). In this
sense, a product’s restorability is not so much an independent characteristic as a natural function of all the
design factors that precede.
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In many cases products may be designed with all the preceding characteristics – from quality and reliability
to regulatory compliance – without ever being explicitly designed for circularity. What separates a durable
design from one that is truly circular, is the ability to endure restorative processes that products designed
for a conventional linear system often neglect to consider might ever be applied. Beyond functional
restoration and reassembly, such processes primarily include unique cleaning methodologies and material
restoration techniques that can, in some cases, even enable products to perform better than their
contemporary virgin counterparts (Bras 2007, Ijomah 2009).
Cleaning—a generic term used for the removal of a contamination or pollution from a component or
assembly—occurs throughout refurbishment and remanufacturing processes and is sometimes repeated in
several stages. Cleaning may be a part of incoming inspection, enabling assemblies to be assessed and
inspected, or may be done after disassembly to enable individual components to be inspected and sorted.
Cleaning may also be done prior to reconditioning to prepare surfaces for restoration, or simply after
reassembly to prepare the entire product for paint and packaging.
The technical challenge is that the type of contamination (e.g. grease, biologic, dust, rust, paint), the types
of surfaces (e.g. rough, smooth, blind corners), the sensitivity of the surface to cleaning processes (e.g.
water resistant, solvent resistant), and the required level of cleanliness (e.g. paintable, particulate free, nonvolatile residue, hygienic) can vary with industry and level of use. The fundamental concept of cleaning
can be broken down into the basic forces used to remove contamination. These categories of cleaning forces
are described in Figure 112 (Liu et al. 2013).
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Source: B. Hilton, 2017;
Modified from Liu et al.
(2013)

Figure 112: Categories of cleaning force

Not only is the diversity of contamination an issue, industry is also challenged with the environmental
responsibility of cleaning products and systems. All cleaning processes must effectively bring the recovered
product to a useable or new-equivalent state. In effort to maximize the environmental benefits of VRPs,
“Green Cleaning” processes must meet required cleaning function cost effectively, as well as perform the
cleaning process in an environmentally preferable manner.
Given that cleaning is generally required, products should be designed to withstand the cleaning processes
that will be specifically used to recover the value. This is done through an understanding of the
aggressiveness of the cleaning process (time, temperature, chemistry, agitation) and selecting product
materials that will be stable, will not react, and will resist damage during the cleaning operation. Products
should also be designed with an understanding of the contamination particle to part surface attraction forces
and then designed with the best materials or surface treatments to minimize these forces. Product geometric
features such as corners, ribs, holes, and cavities should be designed to minimize contamination
accumulation or enhance the cleaning operation. The product design may include features such as drainage
holes, or removable traps to maximize the cleaning effectiveness. Finally, the product should be designed
to shield or protect high value modules or components from environmental contamination to minimize
cleaning requirements.
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Like cleaning, material restoration is a process that is unique to the circular model; a product’s ability to
adapt to different technologies in this space is therefore an imperative design consideration even in the
earliest stages. Material restoration through advanced additive manufacturing technologies is becoming a
particularly important consideration. Over the last decade, the industry has seen significant advances in
additive manufacturing technologies which have led to promising new circular applications such as material
surface restoration and recoating, improved surface properties for wear resistance, increased corrosion
resistance, part repair, improved mechanical properties, and complete new or replacement cost-effective
on-demand part production. It is also likely that this technology will be transformative in the service and
maintenance sectors, where on-demand part production will eliminate the need for production overrun and
warranty support inventories.
Additive manufacturing creates or modifies parts by adding materials in layers with each layer consisting
of a thin cross-section of material. Various additive manufacturing technologies differ by the materials that
can be used, how the material layers are created, and how each layer is bonded together. These technology
differences impact both the accuracy and material and mechanical properties of parts, as well as machine
size, cost, and processing speed.
Additive manufacturing can fundamentally change the way products are recovered by restoring worn
components and surfaces back to the specified dimensions. Directed Energy Deposition (DED)
technologies such as laser engineered net shaping (LENS), direct metal deposition (DMD), laser
consolidation (LC), laser cladding, or plasma transferred wire arc (PTWA), use thermal energy (e.g., laser,
electron beam, or plasma arc) to melt and deposit material onto specified surfaces, where the material
solidifies. These processes can be used with either powders or wire, with a range of polymers, ceramics,
and metals. Other technologies such as kinetic or cold spray ballistically impinge non-molten particulates
upon a surface at supersonic velocities to form a coating.
Part of designing for VRPs is to understand which parts and materials are going to degrade, and if these
areas cannot be improved with design as discussed in previous sections, then design these parts with the
ability to restore the material and surfaces to the desired specifications. Additive manufacturing techniques
and machines have limitations on materials, part size, and part orientation, and accuracy. Design needs to
consider these limitations and plan for material application and potential secondary operations.
Additionally, planning for additive manufacturing techniques can change the way parts are initially
designed. For example, PTWA is often used to remanufacture and coat aluminum engine block cylinder
bores, eliminating the need to design in heavy cast iron sleeves.
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5.2.4 Appropriate Use of VRPs
As the more intensive VRP processes, comprehensive refurbishment and remanufacturing may not always
be the optimal strategy within a circular economy, and there are extensive findings in the literature affirming
that the appropriateness of full service life VRPs, in particular, must be evaluated on a product-by-product
basis (Gutowski et al. 2011, Matsumoto, Nakamura, and Takenaka 2010, Östlin, Sundin, and Björkman
2009, Schau et al. 2011).
Extending the proposed categorization by Gutowski et al. (2011), product characteristics and conditions
that are needed to optimize the decision to engage in VRPs must include: the nature of the product and its
sub-system components; its use-phase energy requirement and energy efficiency; the residual value that
can be retained in the system by keeping the component parts intact via VRPs; and the material composition
of the product, which can affect extraction, processing and manufacturing-phase energy requirements when
considering multiple product service lives.
The interaction between the product and its sub-systems is an important aspect of this approach. For many
products, it is expected that some sub-system components may last for only a single planned service life.
In some cases, sub-system components may require replacement during the planned service life due to
faster degradation from wear-and-tear, or the technological obsolescence of software. In many of these
cases the unaffected chassis and other mechanical components or sub-systems of the product may still offer
competitive functionality and have retained significant value.
5.2.4.1

Optimized VRP Decision Framework Categorization

Please note that the following discussion emphasizes remanufacturing within a VRP decision framework
in order to pursue maximized value-retention as the priority of a circular economy. Implicit in this approach
is that where a product/component may not be suitable for remanufacturing, the other VRP options of
refurbishment, repair, and arranged direct reuse remain viable value-retention strategies. As
remanufacturing sets the highest-level of production requirement of all the VRPs, other VRPs can be
considered for appropriateness on an individual basis, relative to this standard.
This concept is clarified further in Figure 113 which describes four different example products to support
the framework categorization. Example products A (e.g. medical imaging equipment), C (e.g. industrial
digital printer), and D (e.g. mobile phone) reflect products with more complex sub-systems; Example
product B (e.g. office furniture) reflects a product with a relatively simpler sub-system. These examples are
provided to highlight the considerations that business decision-makers should assess when evaluating
whether to engage in remanufacturing and other VRPs.
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Figure 113: Planned service lives of product sub-systems for example products (A, B, C, and D)

Some complex product sub-systems have the potential for multiple full service lives via VRPs (e.g. moving
mechanical parts, fixed mechanical parts, and chassis/frame) (See Example Product A in Figure 113). It is
important to consider whether these multi-service life sub-systems constitute significant retained value, in
the form of avoided new material requirement. Other considerations should include whether the retained
value of the remanufactured product exceeds the investment required to remanufacture and return it to asnew condition, assuming repair and/or replacement of single-life sub-systems (e.g. user interface, software,
exterior, and fluid systems).
In other cases, the product sub-systems are more simplified, with the majority having the potential for
multiple full service lives (See Example Product B in Figure 113). Given that the required investment
appears to be largely aesthetic in nature, provided that the investment required to bring the product back to
as-new condition does not exceed its retained value, remanufacturing appears to be a viable option.
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Some products present very complex considerations for remanufacturing decisions, as a result of the
number of parts, and/or the number of linkages required for the circular system to function effectively (See
Example Product C in Figure 113, and refer to Section 5.5 for additional discussion). As the majority of
product sub-systems last only for the first service life, and some may require a degree of mid-life
repair/maintenance, remanufacturing may not seem like an ideal investment. However, the chassis/frame
can still be recovered and incorporated into a remanufacturing process, provided that the current versions
of the product still use the same design. For product lines that offer upgraded features and enhancements
with every new version, remanufacturing using the original chassis can reduce the environmental and
economic impacts of the product, while also enabling upgraded performance potential through replaced
user interface, software or electrical systems.
Finally, some products and sub-systems are designed to only last for a single planned service life (See
Example Product D in Figure 113). In this case, none of the products sub-systems retain value after the
completion of the first planned service life; the short life of the chassis/frame also negates much of the
potential for upgrading software and user interface technology through remanufacturing. Refurbishment to
enable short-term extension of product functionality (only) may be possible.
Based on these conditions and considerations, the following groups are proposed and summarized further
in Table 63.
•

Group 1 - Remanufacturing-Appropriate (Example Products A and B): Refers to products which,
for the relevant time-period being considered, have not generally undergone design modifications that
significantly affect the product’s use-phase energy requirement, or that significantly affect the material
composition of the product. Design changes have not resulted in improved use-phase energy efficiency,
and/or have resulted in the replacement of lower energy-intensive material/components with higher
energy-intensive materials/components. In addition, the use-phase of the product has not overly
degraded or diminished the functionality of its primary components. There must be sufficient value
retained within the functional form of the product that additional investment into remanufacturing does
not negate the potential for profit.

•

Group 2 - Not Remanufacturing-Appropriate (Example Product D): Refers to products which, for
the relevant time-period being considered, have generally undergone design modifications that
significantly affect the product’s use-phase energy requirement, or that significantly affect the material
composition of the product. Where design changes have resulted in improved use-phase energy
efficiency or have resulted in the replacement of lower energy-intensive material/components with
higher energy-intensive materials/components, these products are not generally appropriate for

278

remanufacturing. Alternately, the use-phase of the product has overly degraded and diminished the
functionality of primary components, requiring extensive investment to return them to as-new
condition. In this case, the investment required exceeds the value of the product both in the sense of the
retained value of the functional form, as well as the profit-potential of the product in the market.
•

Group 3 - Complex, Potentially Remanufacturable (Example Product C): In many cases,
modifications to design may result in a complex outcome of associated life-cycle energy requirements.
For example, a design enhancement that increases the share of higher energy-intensive
materials/components may also be accompanied by a use-phase energy efficiency improvement. In
these cases, a more comprehensive assessment of the retained value of the product, as well as the costs
and benefits of engaging in remanufacturing are needed before an informed business decision can be
made.

All product examples selected for the IRP Report and this dissertation are considered to belong to Group 1
or Group 3, as remanufacturable products. This approach was used to enable comparison across the range
of VRPs, to demonstrate the product-level opportunities, as well as aggregate economy-level insights about
VRPs within the context of circular economy.
Table 63: Summary of remanufacturing-appropriate product categories
Group 1:
RemanAppropriate

Group 2:
Not RemanAppropriate

Group 3:
Complex, Potentially
Remanufacturable

A and B

D

C

No

Yes

Potentially

Significantly increase share of high-energy
materials composition1

No

Yes

Potentially

Change the chassis/frame

No

Yes

Potentially

Chassis/frame has more than 1 service life

Yes

No

Potentially

Retained value exceeds investment to bring to
as-new condition

Yes

No

Potentially

Use-phase
has
not
overly-degraded
functionality of primary components

Yes

No

Potentially

Consideration
Example Product

Product Design Modifications (over the time-period being considered)
Significantly
efficiency65

improve

use-phase

energy-

Product & Sub-Systems

65

Adapted from Gutowski, Sahni, Boustani, and Graves (2011)
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As demonstrated, remanufacturing is clearly not appropriate for all products; the decision to engage in
remanufacturing and/or other VRPs must remain with decision-makers and strategists, with consideration
of the costs and requirements unique to their product-system. From this perspective, design priorities to
facilitate the effective employment of different VRPs can be pursued. For example, for products that are
expected to become obsolete due to functional, psychological, compliance, or economic factors in a short
time-frame should not be designed for remanufacturing; Instead other design priorities including
serviceability, modularity, and upgradability should be emphasized to facilitate other VRPs including repair
and refurbishment.

5.2.5 Design Strategy Conclusions
Products can be designed for circularity, but such designs can only be effective if product developers
identify circularity as central to the broader business and market objectives underlying the purpose for
product development.
The entire system of product development must be designed to consider circularity, resource efficiency,
and regenerative value. To accomplish this, product developers must incorporate three essential concepts
into product and system design: the need to create value, protect value, and recover value, all in cost
effective ways. In this context, product quality, durability reliability, separability, assessability, and
restorability can replace inexpensive materials, low-cost labor, and high-volume sales as the indicators of
value. Metrics for resource efficiency, product utility, and environmental impact must supplement
discussions on the cost of quality and return on investment.
Optimizing design for circular economy requires serious consideration of the nature of the product and
product-system: Not all products are appropriate for full service life VRPs, and in such cases other design
principles that facilitate service life completion and extension through partial service life VRPs must be
incorporated. This highlights the fact that there are inherent deign trade-offs that must be considered in
order to avoid unintended consequences of design decisions that can interfere with the value-retention
potential of VRPs, and ultimate recyclability of the product at EOL.
Finally, it must also be noted that every product, no matter how well it was designed for VRPs, will
eventually cease to meet the required function. The final disposition of all products should consequently be
considered during product development and therefore, each part should also be designed to allow for
efficient recycling opportunities.
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5.3 The Mechanics of a System Designed for Value-Retention Processes
Designers of future VRP systems will not have the luxury of having a ‘clean-slate’ on which to start.
Existing market and social norms must be considered, accommodated in the short-term, and adjusted
through strategic interventions over time. In industrialized economies, existing production, logistics and
collection infrastructure are well-entrenched, and the business case for overhauling these systems in pursuit
of maximum VRP efficiency alone may be difficult, thus requiring an incremental approach. In contrast,
many non-industrialized economies face the challenge of strategically building-up production, logistics and
collection infrastructure where none currently exist; there is significant pressure on non-industrialized
economies to avoid the sustainability-related pitfalls of industrialization by leap-frogging over less efficient
production systems and technologies (Allen and Thomas 2000, Cranston and Hammond 2012, Hammond
2006, International Resource Panel 2017)
Taken at the aggregate, these types of undertakings appear daunting and very costly in the short-term.
However, true to the value-retention objective of the circular economy, this does not necessarily need to be
the case.
There are many existing attributes and aspects of current production systems that can be leveraged in the
pursuit of a system designed for optimized VRP production. While every economy faces different
challenges and barriers to VRPs, each also has an already established relationship with the key aspects of
the VRP system that can inform a policy and implementation strategy. For industrialized and nonindustrialized economies that currently engage in diversion and collection to recycling markets, these
systems can be adapted, formally or informally, to include diversion to secondary markets for reuse and
VRP production and can include new value-chain members that can help to facilitate efficiency within
global flows of EOU products for VRP inputs. For industrialized and non-industrialized economies that do
not engage in collection or reverse-logistics, expertise in current forward-logistics systems (e.g. trade, sales,
and distribution) can be leveraged to improve overall logistics system utilization and productivity, alongside
the application of Best Practices that may have already been established for collection programs in other
jurisdictions. For economies with technological barriers affecting producer capacity, the learnings about
technology transfer enabled through improved access and trade in other products categories can be
employed to the benefit of VRP production. Further, the vast body of knowledge about consumer behavior,
innovation diffusion, and effective marketing that have been employed in the past to guide consumers away
from less beneficial products (e.g. CFC-containing aerosols) can be utilized.
It is important to note that although non-industrialized economies may face technological and infrastructure
barriers that inhibit the scale-up of full service life VRPs in the short-term, the broader system elements
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described within this assessment can facilitate and enable improved efficiency and opportunity even within
partial service life VRPs of repair, refurbishment, and direct reuse.
Some additional key insights related to the mechanics of a system designed for VRPs and to enable circular
economy are outlined in the following sections.

5.3.1 Value-Retention Processes are a Gateway to Recycling
There is a common perspective that VRPs may detract from, or compete against recycling; in fact, all VRPs
and recycling are essential within the context of a circular economy. A hierarchical perspective on valueretention is useful: where VRPs ensure that both material value and functionality are retained within the
product, once functionality has degraded it is the recycling system that ensures material value is still
retained within the broader system.
An example of how VRPs can create a gateway to recycling is in the case study of industrial digital printers,
where the nature of VRPs and recycling can be observed. The structural steel form of the industrial digital
printer comprises the majority of product weight and does not typically degrade through normal use. These
steel components contain recycled content, and are designed to be strong, durable and robust for multiple
life cycles through VRPs. First, and by design, the re-circulation of industrial digital printers through VRPs
ensures that a significant share of the materials in product (min. 90% by weight) can be retained in the
original functional form, over multiple useful lives. This retains the value of the product and component
materials over an extended period and creates additional economic value for both producers and customers.
Then, once the material value has been degraded sufficiently over time that VRPs are no longer able to
create value (e.g. product technology is no longer relevant or valued), the reduced but still substantial value
inherent in the structural components of the industrial digital printer can be retained in the system through
appropriate recycling activities.
At the same time, because the industrial digital printer has been designed for VRPs and multiple life cycles,
there is new opportunity for more sustainable business models (e.g. product-service basis and/or leasing),
and for the establishment of efficient product collection infrastructure. Because of this system-wide
approach to VRPs and product circularity, for certain producers of industrial digital printers, a very high
product collection rate for VRPs is enabled, and in turn, a much more significant diversion-to-recycling
rate as well. A high-level example of the potential for refurbishment and remanufacturing to act as a
‘gateway’ to improved recycling is described in Figure 114.
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Figure 114: Value-retention process as a gateway to recycling

If the industrial digital printer was recycled immediately at the end of its original life, the material value
would still be retained within the system, but the additional benefits of offset process energy requirement,
process emissions, and economic value of the product’s functional form would be lost. Instead, as part of a
set of EOL options, VRPs and recycling can be strategically used to maximize value retention over an
extended period and multiple service lives, thus increasing the efficiency with which the circular economy
retains value overall.
While recycling was not a focus of this study, this analysis has assumed the imperative presence of recycling
systems as an important function within the circular economy for recovering material value when a product
has degraded below the requirements for VRPs.
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From a value-retention perspective, reliance on recycling alone ultimately leads to lost value for the system
and customer and reduced economic opportunity. In addition, the value-retention potential of any economy
is directly tied to the effectiveness and efficiency of reverse-logistics systems: disruption of global and local
reverse-logistics, whether diverting to recycling or to VRP production, reduces the value retained by the
system, and ultimately degrades the ability of VRP producers to achieve economies of scale, and the ability
of the country to pursue a circular economy.

5.3.2 Rebound Effect & Systemic Implications of Value-Retention Processes
The effectiveness and appropriateness of circular economy has been questioned in the literature regarding
the extent that actual primary production is reduced or displaced by circular economy reuse activities and
VRPs (Allwood 2014, Geyer and Blass 2010, Zink et al. 2014). The actual displacement of primary
production activities and reduction in absolute impacts is influenced as much by the individual product and
process attributes, as by the market forces acting within the system (McMillan, Skerlos, and Keoleian 2012,
Thomas 2003). Zink and Geyer (2017) note that where absolute material and production displacement
occurs, it cannot be assumed that it is occurring on a 1:1 basis due to the presence of other influences and
forces acting within the system.
As emphasized by the results presented in Section 3, VRPs at the product-level provide an opportunity to
offset or displace new material requirement, and thus the associated embodied material energy and
emissions implications. This displacement, even if not 1:1, presents an efficiency gain from VRPs that can
manifest as material efficiency, resource efficiency (energy use, emissions), and cost efficiency.
The origins of rebound-effect discussion is based in the economic perspective heavily focused on the direct
price effects of increased efficiency: where increased efficiency contributes to decreased cost of doing or
receiving, there is the potential that the cost reduction will drive an increase in demand, ultimately
increasing the absolute impact (Greening, Greene, and Difiglio 2000).
There have been many calls in the literature to expand on this limited price-effect focused view of rebound,
drawing from insights on energy efficiency rebound (Berkhout, Muskens, and Velthuijsen 2000, Borenstein
2013, Sorrell and Dimitropoulos 2008), and unintended positive and negative effects of environmental
protection measures (Hertwich 2005). A strict environmental perspective on rebound effects tends to focus
on the many valid environmental implications of increased production and consumption; however, the
circular economy and broader sustainability perspectives must also acknowledge important market and
socioeconomic implications that are an important part of sustainability and circular economy transformation
pathways.
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Differentiated from energy efficiency rebound, the potential for unintended positive and negative effects of
‘circular economy rebound’ (Zink and Geyer 2017) extend beyond price-effects and energy efficiency
considerations to consider the implications of increased production or consumption efficiency in the context
of market influences and user/customer perspectives. Further differentiating VRP-related rebound from
‘circular economy rebound’ is the assessment of these rebound impacts at the product-level. Thus, although
many of the rebound considerations presented by Zink and Geyer (2017) reflect valid material-level
recycling rebound concerns, these are beyond the scope of this discussion focused on VRP-related rebound
effects.
An extended consideration of VRP-related rebound effects are presented, and in accordance with the
insights and structure proposed by Zink and Geyer (2017) these effects are organized to account for:
•

Price effects tied to VRPs and VRP products;

•

Substitutability of VRPs and VRP products; and

•

Other economy-level and transformational effects.

As with all rebound effect, wherever there are efficiency gains resulting from the introduction of new
technology, these can be offset by unexpected (or expected) behavioral and system responses. It must be
remembered that all VRPs rely upon high-quality, durable original manufactured products: there will
always be a need for original manufacturing activity. Thus, engagement in VRPs should not cause an OEM
New product to be avoided in every case, and the potential for rebound effects is real and must be
acknowledged.
5.3.2.1
5.3.2.1.1

Price Effects Tied to VRPs and VRP Products
Increased demand and product efficiency leads to increased consumption

Increased demand for VRP products can derive from the discounted price point (in all markets), as well as
from the alleviation of access barriers (in restricted markets). Price discounts are attractive to customers,
particularly where quality and performance are maintained and warrantied (e.g. remanufacturing). Price
discount is a primary aspect of demand modeling for VRP products (Agrawal, Atasu, and Van Ittersum
2015, Atasu, Sarvary, and Van Wassenhove 2008, Atasu, Guide Jr, and Van Wassenhove 2010, Debo,
Toktay, and Wassenhove 2006), and is in alignment with the literature on direct rebound (Berkhout,
Muskens, and Velthuijsen 2000, Borenstein 2013, Greening, Greene, and Difiglio 2000, Sorrell and
Dimitropoulos 2008) as well as neo-classical economic theory (Bertrand 1883)
As noted by Zink and Geyer (2017), in consideration of market influences, the complete displacement of
an OEM New product, and associated primary production, cannot be assumed. Implicit in this perspective
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is that when less than 1:1 displacement is occurring, there is also some degree of production growth
occurring. Scitovksy (1994, 37) found that markets for non-new consumer durables “…stimulate the
economy partly by enabling the well-to-do the sooner to replace their worn out or obsolescing durable
goods with new ones, and thereby increasing the total demand for them.”(Thomas 2003) While this increase
in demand for VRP products enables continued economic growth – one important consideration for the
circular economy – it also necessitates the continued increase in aggregate consumption of new materials
and energy, as well as the generation of waste and emissions.
It also raises concerns about socioeconomic divides that may be highlighted through the growth of VRP
and/or non-new product markets. An implication of growing markets for VRP products is that in some cases
the reduced price point of the less-efficient technology enables new market demand from those
users/customers otherwise unable to participate in the market. (Thomas 2003) In many cases, these
users/customers are in less wealthy and/or non-industrialized economies, and unregulated or unmonitored
transactions can quickly lead to concerns about dumping, particularly in the case of VRP electric and
electronic products (Ni and Zeng 2009, Schmidt 2006, Sthiannopkao and Wong 2013, UNEP 2005, Zhang,
Schnoor, and Zeng 2012). In cases where VRP product quality cannot be guaranteed there exists a concern,
if not a valid tension, between social (e.g. consumer safety) and environmental (e.g. use-phase energy
efficiency) interests, and the economic opportunity for otherwise inaccessible lower-priced VRP products.
As discussed in Sections 1.7.1.2 and 2.4.5.3, many non-industrialized countries have implemented
regulatory policies that work to mitigate the potential downside of this tension via import restrictions on
VRP inputs and finished products. (Thomas 2003)
As with other aspects of circular economy, the broader system must always provide context; for example,
the case of remanufactured industrial digital printers. (Refer to Product C in Figure 113) Given that
remanufacturing enables the upgrade and enhancement of the product to as-new or better specification, a
remanufactured industrial digital printer can meet current functionality and performance requirements.
Particularly in the case of industrial printers, equivalent performance quality and a lower cost may lead to
increased printing activity by customers, resulting in higher use-phase impacts of both energy and paper
consumption. At the same time, this higher consumption still comes at a lower relative cost: a significant
share of product materials, embodied materials energy, and embodied materials emissions are retained
within the system, which enables a lower average resource requirement overall.
5.3.2.2

Substitutability of VRPs and VRP Products

In many cases, uses/customers will not consider the VRP product to be equivalent or substitutable for the
OEM New version of the product, often due to perceptions about product quality, and implicitly the risk
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associated with a non-new product. (Brucks, Zeithaml, and Naylor 2000, Debo, Toktay, and Van
Wassenhove 2005, Geistfeld 1982, Hazen et al. 2012, Hazen et al. 2017, Jacoby, Olson, and Haddock 1971,
Kirmani and Rao 2000, Lichtenstein and Burton 1989, Mitra and Golder 2006, Ovchinnikov 2011)
However, prospect theory and other literature on VRPs suggests that potential customers evaluate VRP
products based the interaction between perceived risk, perceived benefit (e.g. price reduction), and
perceived value (Atasu, Sarvary, and Van Wassenhove 2008, Kahneman and Tversky 1979, Monroe and
Chapman 1987).
The issue of whether, and to what extent VRPs are considered substitutable remains an important focus in
the literature. Attributes of perceived quality, price, and brand, can highly influence customer decisionmaking; alongside product attributes, social norms and networks will also influence the speed of adoption
of VRP products (Jansson, Marell, and Nordlund 2010, Kahneman and Tversky 1979, McCollough 2010,
Mylan 2015, Peres, Muller, and Mahajan 2010, Rogers 1976, 2003, Ülkü, Dimofte, and Schmidt 2012,
Wang and Hazen 2016).
The adoption of VRP products as innovative new options in currently restricted markets, is a function of
distribution infrastructure, other regulatory conditions, as well as social norms that may predispose
customers towards different options (Hofstede 1980, Peres, Muller, and Mahajan 2010, Wang and Hazen
2016). Attributes of perceived quality, price, brand, will highly influence customer decision-making;
alongside product attributes, social norms and networks will also influence the speed of adoption of new
innovative VRP products (Jansson, Marell, and Nordlund 2010, Kahneman and Tversky 1979, McCollough
2010, Mylan 2015, Peres, Muller, and Mahajan 2010, Rogers 2003, 1976, Ülkü, Dimofte, and Schmidt
2012, Wang and Hazen 2016). As presented in Section 4.3, the role that these factors can play in influencing
perceived quality, perceived risk, perceived value, and overall relative product attractiveness of VRPs can
be significant.
The following sections relate to the implications of substituting VRP products for OEM New products, as
well as the implications of substituting different (e.g. lower-impact partial service life vs. higher-impact
full service life) VRPs within the production mix.
5.3.2.2.1

The presence of less efficient technologies in the market

Aligned with the environmental perspective on rebound effects is the concern that the reuse of products
with high use-phase energy consumption and emissions generation may encourage the retention of lessefficient product models in the marketplace. (Berkhout, Muskens, and Velthuijsen 2000, Borenstein 2013,
Greening, Greene, and Difiglio 2000) Rather than displacing older, less efficient and higher-polluting
product models with more efficient, cleaner designs, VRPs may serve to keep older models in the market,
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potentially preventing the uptake of more efficient designs, and thus increasing the net impact of these
products in the use-phase. (Cooper and Gutowski 2017, Gutowski et al. 2011)
While in many cases, the comparative evaluations of life-cycle impacts are based upon the VRP for a
significantly older product model and a newly upgraded, efficient model, as highlighted in Section 5.2.4
VRPs are not always appropriate and the decision to engage in VRPs must carefully consider the nature of
the product and the product-system.

According to interviews with industry experts, formal VRPs

(especially full service life VRPs) for significantly older models and/or less-efficient versions of a product
are typically not pursued, as it is often more difficult to develop market demand for VRP versions of these
products, and therefore are often not deemed to be worth the investment by the VRP producer.
It must also be noted that, despite use-phase impact reductions enabled by newer and more efficient product
models, the economic reality of many users/customers must be considered. In accordance with market
influence observations of McMillan, Skerlos, and Keoleian (2012) and Zink and Geyer (2017), the latest,
most efficient product models are often far more expensive than the VRP option, and therefore may not be
a realistic substitute from the perspective of the decision-maker. This suggests an opportunity for future
research into reasonable and realistic substitution behaviors, and the life cycle impacts between VRPs vs.
OEM New products that are actually likely to be considered substitutes in the mind of the customer.
The potential for less-efficient product models to be retained in the marketplace is real, however through
the education and engagement of industry members regarding the appropriate applications of VRPs, some
of this risk may be mitigated. (Please refer to Section 5.2.4)
A realistic middle-ground must be acknowledged in the short-term that, while potentially imperfect
compared to the ideal state in which only the most efficient products are used, VRP products present a
viable alternative to a comparably efficient OEM New product model, and a meaningful alternative for the
user who would otherwise be unable to participate in the market at all.
5.3.2.2.2

Displacement of lower-impact partial service life VRPs may increase total impacts

As observed from the Theoretical High scenario for vehicle parts in China (Refer to Figure 67), there is a
potential rebound effect for economies with currently high shares of partial service life VRPs (e.g. repair
and arranging direct reuse) and low shares of full service life VRPs (e.g. remanufacturing and
comprehensive refurbishment). In these cases, the lower value, lower impact VRPs may be displaced by
VRPs with relative higher value, but also relatively more negative impacts. With access to full service life
VRPs, customers may choose these options over arranging direct reuse or repair. The displacement of lowimpact repaired vehicle parts by higher-impact remanufactured or refurbished vehicle parts could
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potentially result in an increase to process energy and process emissions associated with that sector, as
observed in the case of China (Refer to Figure 67). While this rebound effect may only occur in the shortterm, it is a reminder that all VRPs play an essential and important role in a circular economy, and that the
complexity of the broader VRP system must be considered in the development of programming, and prior
to significant policy interventions. In non-industrialized economies the prevalence of lower-impact partial
service life VRPs (namely repair) reflects what is currently possible and appropriate given the economic,
infrastructure, and technological conditions of those economies. (Bell and Albu 1999, Weeks 1975)
Displacing high levels of repair in non-industrialized economies without sufficient advance in the other
essential system aspects including technological capacity and economic viability for consumers is
unrealistic; in addition, the displacement of lower-impact partial service life VRPs with higher-impact full
service life VRPs will lead to absolute increases in material and resource consumption and other
environmental impacts within these types of economies.
5.3.2.3

Economy-level and transformational effects of VRPs and VRP products

5.3.2.3.1

The earlier opportunity for technology upgrade interventions

A contrasting perspective on this issue is that the presence of effective VRP options in a market may enable
an intervention opportunity that creates positive rebound effect. For many product sectors that deal with
electronic components, when the product is returned into the VRP system before its expected life is
complete, full service life VRPs (comprehensive refurbishment and remanufacturing) can allow for the
upgrade of the products to enhance and improve performance efficiency, and potentially other use-phase
environmental impacts.
As described in Section 5.2.4, depending on the specific product and process, full service life VRPs can
reutilize product components that have no use-phase impacts (e.g. the chassis, frame, exterior) (Refer to
Figure 113) and undertake the upgrade of software and/or electronic systems. This is common practice in
the comprehensive refurbishment and remanufacturing of industrial digital printers (Refer to Product C in
Figure 113).
When used appropriately, full service life VRPs may offer intervention opportunities that enable reduced
life-cycle impacts of the product, relative to its original specification. In highly efficient and organized VRP
systems, value can be retained within the system longer (e.g. materials), without compromising on
technological efficiency advancements, such as emissions reductions during use-phase. Although not part
of this study, technology and performance upgrades through VRPs are quite common for the electrical
components and systems in the automotive, marine, locomotive, heavy-duty, and aerospace sectors.

289

As expanded on in Section 5.2.3, upgradability is just one design strategy that can enable the creation and
retention of value within the industrial economic system (Refer to Section 5.2.3.2.2). The economic
opportunity created via the cost efficiencies of VRPs may serve to motivate more organized and
standardized design approaches, including design for modularity (Refer to Section 5.2.3.1.1) and design for
disassembly (Refer to Section 5.2.3.3.2). These design approaches must necessarily exist within a broader
system designed for VRPs, and implicit in these approaches is transformational change in attitudes and
systems.

5.4 Overcoming Barriers to Value-Retention Processes
All economies have the potential to optimize the role of VRPs within their circular economy strategy. From
this assessment, there is no evidence that the ‘developing/newly industrialized’ status of an economy affects
the ability to fully engage in VRPs, and there is confirmation that this is not an issue of
‘developed/industrialized vs. developing/newly industrialized’ economic standing. Mexico, considered to
be an advanced developing economy, has demonstrated capability and high-performance in
remanufacturing, largely enabled through trade and investment collaboration with entities from the USA
and Canada. (U.S. International Trade Commission 2012) The introduction of remanufacturing as part of
the production mix can help to enhance technological capacity, know-how, skilled labor opportunities, and
increased awareness of domestic customers; these economic benefits are in addition to the reductions in net
material requirement, process energy and process emissions that are achieved by Mexican remanufacturers.
(Brent and Steinhilper 2004, Lund and Hauser 2010)
What becomes clear from the case study results, and observation of other non-case study sectors, is that it
is the presence and nature of the barriers to VRPs within the economic and production systems that
determine the magnitude of, and speed at which the benefits of both full and partial service life VRPs can
be realized. A simplified overlay of how these barriers affect different aspects of the VRP system is
presented in Figure 115.
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Figure 115: Description of the economic system required to support value-retention process

Barriers that affect forward and reverse flows: Point (A) in Figure 115 highlights the areas of the system
where regulatory and access barriers can affect flows of finished VRP products from producers to customers
in domestic and/or international markets; Point (B) highlights the areas of the system where collection
infrastructure barriers can affect flows of EOU products and components from the customer/user back into
the secondary markets and/or to the OEM to be used as inputs to VRPs.
Barriers that affect capacity: Point (C) in Figure 115 highlights where market barriers may create capacity
constraints for the domestic VRP customer market; Point (D) highlights where technological barriers, may
create engagement and capacity constraints for domestic VRP producers.
The presence of barriers in the system not only constrains and limits the potential of VRP production: they
are also interconnected. As such, further reinforcing the necessity of a systems-perspective, the alleviation
of these barriers must be considered in the context of the entire system and all interplaying conditions as
originally discussed in Section 1.7.1.
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5.4.1 Economic Conditions and Access to VRP Products
Fundamental variables affect the speed of innovation diffusion and adoption, including the perceived
attributes of the innovation, the communication channels through which information is disseminated, and
the norms of the social community. (Karakaya, Hidalgo, and Nuur 2014, Rogers 2003)
Precluding diffusion and adoption, however, is the need for customers and producers in a market to have
access to the innovation in the first place – literally (e.g. ability to access VRP products and/or
technologies), and figuratively (e.g. exposure to and education about VRPs and VRP products).
In the IRP Report assessment (See Sections 2 and 3), the presence of access barriers dominates the ability
of an economy to realize the benefits from VRPs through uptake and diffusion: Where customer access
barriers were present in the scenario, the number of VRP products in the customer market remained very
low. The lack of understanding of value and opportunity, and the diluted network effect ensured the slow
uptake of VRP products, as well as a delay in customer market awareness of benefits. In the absence of
clear domestic market demand and access to VRP technologies, potential VRP producers are unable to
support the business-case for VRPs, despite the known environmental and economic benefits.
The delays related to access barriers can be observed in the case studies of Brazil (Refer to some examples:
Figure 54 and Figure 70) and China (Refer to some examples: Figure 55 and Figure 71), where under the
more realistic Standard Open Market for VRP Products scenario, the uptake and adoption of VRPs in both
production and demand mix remains minimal relative to the other prevalent practices of OEM New, Repair
and Arranging direct reuse.
Access barriers slow the growth of VRP production within the domestic economy, as well as the speed of
VRP capacity scale-up, and the related growth in domestic demand for VRP products. Technology and
knowledge transfer that is essential for enhancing the learning curve of domestic producers is inhibited,
ultimately preventing opportunities for improved production and operational efficiency. As a result,
customer market awareness of VRP options and benefits are preempted, and the ultimate development and
maturation of VRPs within an economy is stunted. From a strategic perspective, these delays interfere with
domestic producer readiness and capacity to engage in VRPs quickly, ultimately affecting competitiveness
within the global economy and reducing the ability of the economy to pursue circular economy and impact
reduction through VRPs. (Bell and Albu 1999, Del Río, Carrillo‐Hermosilla, and Könnölä 2010)
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5.4.2 Market Barriers and Perceived Value
Market transformation aims to shift the current state of a market towards a more desirable one; in the context
of this work, that is market transformation that results in enhanced value-retention within an economy via
the adoption of VRPs and the pursuit of circular economy. As emphasized by York and Paulos (1999) and
Blumstein, Goldstone, and Lutzenhiser (2000), the removal of barriers to VRPs identified and modeled for
the IRP Report in Sections 2 and 3 is, alone, insufficient: For market transformation to succeed, the thorough
understanding and incorporation of decision-makers values and perspectives into strategic interventions is
essential.
The adoption and diffusion of VRPs falls under eco-innovation and is influenced and driven by more
comprehensive factors and considerations than are considered in the traditional innovation diffusion
literature. Many approaches to VRP marketing and promotion are predicated on traditional economic
strategies of discounted pricing, and assuming linear quality discounts, but effectively ignore what is known
by behavioral economists about the significant influence of perceived risk in the decision-making process,
as well as the influence of network effect, social norms, and other cultural expectations (c.f.Atasu, Sarvary,
and Van Wassenhove 2008, Debo, Toktay, and Wassenhove 2006).
As demonstrated in Section 4, the proposed VRP Diffusion Model demonstrated similar outcomes to the
original straight-line growth approach of the IRP Model, particularly for OEM New and remanufactured
options (See Section 4.3.2). The additional value that this extended model brings to the discussion is the
ability to identify and understand the influence of key underlying factors, such as sensitivity to perceived
risk, asymmetrical information, and social norms that enable greater insights in support of strategic
interventions that can further support VRP scale-up.
Market decision-makers do not view all VRPs as equal, and market decision-makers across different
economies do not view the same VRP equally. As shown in Section 4.3.1, the preexisting preference for,
and established presence of OEM New product options within most markets is an important contextual
consideration. The positive influence of any intervention related to perceived quality and/or transaction
value will typically have a stronger effect on the attractiveness of OEM New options; and similar
interventions for VRPs will not necessarily have the same directionality or magnitude of effect. Given that
many promotion strategies for VRPs are based upon what is known from experience with OEM New, this
insight is important: Strategies for intervening in the market to address barriers to VRPs must be
differentiated for each VRP and must be clearly distinguished from the OEM New option.
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The important influence of perceived risk and prospect theory presents an important strategic opportunity
that has been largely underutilized to date. Given that perceived risk and loss are weighted more than twotimes more heavily by decision-makers than the weighting given to any associated gains, addressing this
perceived risk must be an essential intervention strategy. As such, simply referencing the “as-new” quality
may be insufficient to reassure a potential buyer about the integrity of the remanufactured option; offering
a discounted price may not fully offset concerns about quality; and the provision of a warranty may not
alleviate the discomfort of a buyer who is averse to the idea of experiencing any risk of loss.
Given the interaction of transaction value, perceived quality, and the influence of the network, it is likely
that interventions to promote VRPs will be more successful if all of these factors are addressed in a
combined manner, for example: education campaigns targeting improved information about objective VRP
quality for decision-makers, alongside price discounts, comprehensive warranties, and policy-based tools
including subsidies and/or tax incentives.
In addition, market barrier alleviation strategies must necessarily differ across economies. Perceptions
about the value of VRPs will vary by economy depending on social norms and cultural values, therefore
requiring considered and customized approaches by industry decision-makers and policy-makers. As
demonstrated in Section 4.3.3, customer-satisfaction guarantees, and price discounts may be more effective
with American buyers who belong to more diverse (less homophilic) networks, and who have a lower
sensitivity to perceived loss. In contrast, these approaches are far less likely to be effective in the Chinese
marketplace, where higher sensitivity to perceived loss, combined with strong hierarchical and homophilic
network structures may make these types of interventions less effective. Interventions that may be more
appropriate for the Chinese VPR market might instead target acceptance and adoption by key highly-placed
decision-makers, emphasizing the overarching value of VRP options alongside their increasing prevalence
and adoption66.
As an overarching strategy for VRP producers, the increase of VRP product attractiveness relative to OEM
New must be a primary goal. As discussed, this may be achieved through a variety of mechanisms
associated with adjusted transaction value, adjusted perceived quality, and mitigation of sensitivities to
perceived loss.

66

This proposal assumes that such initiatives are permitted to take place in China, and that there are no regulatory
barriers preventing the production, promotion, and/or distribution of the VRP product. This example serves simply to
highlight how decision-makers might utilize the insights of the VRP Diffusion Model strategically.
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5.4.3 Diversion & Collection Infrastructure
An essential part of increasing customer openness to and acceptance of VRP products is first engaging them
in end-of-life diversion programs and educating them on the importance of retaining value within the
economic system.
VRPs are reliant on the diversion and collection of EOU products for use as inputs to the process; while
individual companies may have established their own networks and collection infrastructure to ensure
sufficient supply of reuse inputs, this creates a significant and inefficient cost-burden on the individual
organization. Other examples of shared collection infrastructure, such as e-waste diversion and packaging
extended producer responsibility (EPR) programs have demonstrated the ability to both increase collection
rates and distribute the costs of operating the system. The requirement that these systems be funded by
industry can provide an incentive to pursue greater cost-efficiency and performance over time. While not
advocating for EPR, these systems have demonstrated that creative and shared approaches to collection
infrastructure may have some merit in cases where the objective is to increase collection and retention of
value within a system.
Where existing collection and/or recycling systems are in-place, they can be assessed for characteristics
that would also contribute to and support collection systems for VRPs. For example, the inclusion of
specific products under framework diversion legislation can ensure their status as a ‘regulated’ item, and
this can facilitate the prevention of these products being directed to landfill. Where recycling systems are
already required for specific products (e.g. Ontario’s Waste Electrical and Electronic Equipment (WEEE),
and Germany’s End of Life Vehicle Ordinance), it may be possible to utilize and share overlapping system
requirements, such as distributed collection networks. (Martens 1998, Ontario Electronic Stewardship
2009)
In addition to government-initiated diversion and collection systems, opportunities for new members of the
value-chain are arising from the transition to circular economy. Businesses interested in pursuing full
service life VRPs face significant cost barriers related to the reverse-logistics required for refurbishment
and remanufacturing activities, especially when their products are sold globally. However, new businesses
focused on the provision of reverse-logistics and quality-control services specifically in the context of
circular economy and VRPs are demonstrating additional economic potential of the circular economy. 67

67

Some business models support the transition of individual businesses towards more circular practices by facilitating
the collection of their used products/parts around the world and returning them to a defined destination for
refurbishment and remanufacturing. (https://www.c-eco.com/).
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5.4.4 Environmental- and Technology Policy Opportunities
Although the modeling approach in the case studies of this report do not reflect a transformative approach,
economic innovation is an important perspective for circular economy and VRPs. In the context of
innovation, VRPs represent incremental eco-innovation at the process-level, in which traditional
approaches to production and product-responsibility are adjusted to reduce negative environmental impacts
and enhance the value-retention potential of the system. In contrast, circular economy requires with more
substantive and radical innovation concerned with creating new and efficient linkages between diverse and
numerous stakeholders in the production-system.
From a barriers-perspective, the barriers to circular economy are systemic, affecting multiple stakeholders,
and requiring facilitation and mitigation only possible via policy; in contrast the barriers to VRPs are more
specific and/or isolated, and hence process-level changes may be targeted by individual firms and industry
organizations. (Del Río, Carrillo‐Hermosilla, and Könnölä 2010) The barriers facing VRPs, and associated
circular economy can be organized into three categories as originally proposed by Del Rio, CarrilloHermosilla, and Könnölä (2010) in the context of eco-innovation: 1) the lack of pressure or push to change
from the external environment; 2) the conditions internal to the firm that can inhibit change, including lack
of resources, technological capacity and priority; and 3) the technoeconomic characteristics of VRPs and
design-for-VRPs can be too expensive, and/or incompatible with existing processes and infrastructure.
In addition to these, complicated definitions associated with the trade of VRP products can interfere with
the uptake of VRPs, often because of associated complicated compliance and reporting requirements. For
example, remanufacturing needs an accepted international definition that reflects the rigorous industrial
process of remanufacturing itself. It is important that the development of these definitions be distinguished
from the related, but inherently different, discussion of whether ‘cores’ constitute waste and/or other
classifications. Oversimplified and uninformed definitions of remanufacturing create unnecessary
regulatory barriers for legitimate VRP product offerings; alternate methods to control the quality and nature
of VRP products entering an economy through trade, outside of waste-related compliance systems, should
be considered. It is also important for those involved in the process of definition creation to enable
optimized integration and alignment of definitions across economies: whether this occurs through the
enhancement of relevant existing international agreements (e.g. recent clarifying explanatory notes for the
term “wastes” in the Glossary of Terms in Document UNEP/CHW.13/4/Add.2), or through specific and
appropriate inclusion in developing and future bi-lateral and other trade agreements. Given the
demonstrated economic and environment benefits, improved recognition and inclusion of appropriate types
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of VRP products in trade discussions may enable significant opportunity for economic growth and impact
reduction, as well as faster scale-up through technology and knowledge transfer opportunities.
In response to these barriers and challenges, there is a push to distinguish between product innovation (e.g.
design) and process innovation (e.g. remanufacturing), as there are different opportunities to influence and
affect each. (Del Río, Carrillo‐Hermosilla, and Könnölä 2010) Where product-level innovation tends to be
driven more by customer and cost pressures, environmental legislation, and compliance with internal firm
policy (Triebwester and Wackerbauer 2004), process-level innovation tends to be more affected by
customer pressure (vs. environmental legislation) (Triebwester and Wackerbauer 2004), and the need to
comply with existing regulation (del Río González 2005).
Both technology policy and environmental policy offer complementary opportunities to encourage
environmentally-preferable technology and systems (del Rio Gonzalez 2004, del Río González 2009). Del
Rio, Carrillo-Hermosilla, and Könnölä (2010) present an excellent compilation of framework conditions
for policy that involves a combination of approaches to balance and accommodate the diverse conditions,
characteristics, and stakeholders within circular economy and VRP innovations. There is a clear need to
balance short-term environmental interests alongside the need for more radical systemic change to mitigate
suboptimal technological lock-in (del Rio Gonzalez 2004, Kemp 2000); in addition it is essential that the
limits of policy, such as the potential to create powerful interest groups that can perpetuate technological
lock-in, be acknowledged (Del Río, Carrillo‐Hermosilla, and Könnölä 2010). Policy measures that are
known to support and facilitate the supply-push of eco-innovation via technology development, include
research and development subsidies; in contrast, policy measures that enable demand-pull via new market
creation include public procurement.
The advancement and enhancement of Science, Technology and Innovation (STI) systems is of paramount
importance on most national agendas as a key requirement to facilitate meaningful economic growth.
Strategies and investments for the STI systems of both developed/industrialized and developing/newly
industrialized economies need to be expanded to consider the additional and unique requirements of VRP
production systems. Alongside traditional STI system enhancements, development of technology,
investment, industry-institute collaboration, labor force skills, and R&D that support VRP production
processes are essential strategies for pursuing the potential benefits of an optimized Theoretical High
scenario for each diverse economy.
Government regulations can act as a positive influence in guiding product development decisions toward
circular considerations. A Directive of the European Union (2000/53/EC), for example, lays out explicit
guidelines stipulating that automotive manufacturers must account for ease of disassembly, reuse,
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collection, and recycling of components at the end-of-life during their initial design processes, as well as
work with material manufacturers to increase the quantity of recycled materials used in new vehicles
(European Commission 2000). This directive also outlines the intermediate processes that must occur
between the end of a vehicle’s useful life and the recovery of its embodied value. In this example,
governmental regulation does not solely incentivize by creating risk of non-compliance, it also influences
by providing base-level guidelines that assist affected industry players in determining how best to meet
such regulations.
In addition to specific government regulations, global organizations are developing metrics and indicators
(e.g. input-output ratios, utility values, and recycling efficiency) to create new values that will work in
conjunction with legislation and policy to influence companies toward engaging with VRP products and
systems. (Refer to Section 5.4.5) Globally, there are also significant efforts to identify and define circular
economy indicators that can be used to track progress in the transition away from linear industrial models
(Bourguignon 2016, European Academies Science Advisory Council 2016). Hundreds of indicators are
being studied: from material flows, energy balance, and resource efficiency, to waste treatment and
management. While such metric-based programs remain voluntary, producers—and, importantly,
investors—are acknowledging the benefits of environmentally-considerate performance, especially given
evolving consumer demands that favor conservation-minded, low-impact products. In addition, these
metrics and the associated emergence of green product labeling methodologies are increasingly being
integrated into information that can be accessed by customers and consumers, with the potential to influence
their purchasing decisions. In these ways, outside parties can significantly influence the integration of VRP
products into the industrial economy by reshaping the customer expectations and market opportunities upon
which product developers seek to capitalize and around which their products are designed.
In looking specifically towards policy interventions to facilitate VRPs within a circular economy, the
targeting of radical systemic change must be a priority for policy-makers, but this must be combined with
the facilitation of incremental (process-level) innovations.
In addition, policies need to combine sector-specific insights with a cross-sectoral perspectives: many
circular economy and VRP opportunities tend to be more aligned with and unique to product-type, but
changes to the larger circular economy system can provide efficiency opportunities across sectors (e.g.
shared reverse-logistics and/or collection system infrastructure). (Heaton and Banks 1997) The style of
regulation also needs to be innovation-friendly in order to appropriately engage stakeholders in dialogue
and consensus via open, flexible, and reflective multi-stakeholder collaborations. (Jänicke et al. 2000)
Information asymmetry can create significant challenges for collaborative approaches on product- and
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process-level innovations, and efforts to ensure transparency and optimal levels of information are essential
as part of the process between regulators and those being regulated. (Jänicke et al. 2000)
A policy priority for the effective transition to circular economy must be to overcome the current passive
throw-away culture exhibited by both consumers and producers in economic systems around the world.
(Ghisellini, Cialani, and Ulgiati 2016) Circular economy approaches largely evolved in the world as a waste
management strategy, in response to increasing concerns about waste management issues and impacts.
(Geng, Tsuyoshi, and Chen 2010, Ghisellini, Cialani, and Ulgiati 2016, Yong 2007) In many economies
(typically industrialized), recovery and recycling infrastructure has been in place for more than thirty years
(e.g. Germany, Canada), and this has enabled knowledge, competencies, and efficiencies well-suited for
transitioning to circular economy (Ghisellini, Cialani, and Ulgiati 2016). In contrast, many economies have
not yet begun to adopt or formalize basic waste management policies and infrastructure. (Ghisellini, Cialani,
and Ulgiati 2016) China’s approach to circular economy differs somewhat from the traditional approach:
although still very reliant upon landfilling for municipal solid waste, which prevents the meaningful closing
of consumer-level material loops under the circular economy perspective, the adoption of new circular
economy business models is required by law, alongside the integration of cleaner production practices and
the development of eco-industrial parks (Geng, Tsuyoshi, and Chen 2010, Ghisellini, Cialani, and Ulgiati
2016, Yong 2007).
An essential aspect of any policy approach is the integration of the innovation and complexity of both VRP
processes and products; incremental innovation (e.g. process) and radical innovation (e.g. system). (Del
Río, Carrillo‐Hermosilla, and Könnölä 2010, Velte and Steinhilper 2016) Specific approaches have been
assessed within the literature, and must guide policy-decisions related to VRPs and circular economy:
•

Command and Control: Although they have demonstrated greater effectiveness at facilitating
incremental changes (e.g. within VRP process adoption by firms), command and control
approaches may be less effective at radical systemic change (e.g. circular economy) than marketbased mechanisms. (del Río González 2009, Del Río, Carrillo‐Hermosilla, and Könnölä 2010) A
particular priority for policy-makers must be the assessment of existing policies and regulations
that prevent or inhibit producer engagement with VRPs, and/or consumer adoption of VRPs.

•

Voluntary Agreements: Appealing to individual stakeholders as they allow for longer-term
planning and dialogue, however, there are risks that desired impact and outcomes may negated for
several reasons: where asymmetrical information exists between participating actors voluntary
agreements may be less effective (Del Río, Carrillo‐Hermosilla, and Könnölä 2010); in addition,
the outcomes of voluntary standards agreements tend to be distributed. (Refer to Section 5.4.5).
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•

Market-Based Instruments: Often most effective at enabling a demand-pull effect to facilitate
adoption of innovative products in a market, in the case of VRPs these can include informationsharing, eco-labelling, financial incentives, and environmental-awareness raising (Del Río,
Carrillo‐Hermosilla, and Könnölä 2010);

•

Financial Instruments: Often most effective at facilitating a supply-push effect to facilitate the
adoption of innovative processes by producers, in the case of VRPs these can include technologyfocused R&D subsidies, low-interest loans, investment subsidies, and the development and
exchange of best practices to limit learning curve requirements (Del Río, Carrillo‐Hermosilla,
and Könnölä 2010). In addition, the adoption of appropriate instruments that reward positive
externalities (e.g. pollution reduction) may help firms to overcome the pressure to focus on profits
(Ghisellini, Cialani, and Ulgiati 2016)

A major challenge facing the adoption of VRP processes and products is the required integration of producer
and consumer perspectives. Applying the call by Norberg-Bohm (2000), a combined approach of integrated
technology and environmental, sector and system policy approaches is essential for targeting system
barriers to circular economy, and the more isolated barriers to VRPs (Del Río, Carrillo‐Hermosilla, and
Könnölä 2010). Effective policy approaches for VRPs should consider and incorporate the following
characteristics:
•

Technology-Focus: To facilitate VRP process adoption, firms must first have confidence that the
market will adopt the resulting VRP products before they will invest in transformation of their
business model and production processes. Technological assistance and training programs, can help
to facilitate interest, comfort, and ability to transition towards circular economy and VRPs, and to
mitigate the risk of asymmetrical information across circular economy stakeholders (Del Río,
Carrillo‐Hermosilla, and Könnölä 2010, Nasr et al. 2016);

•

Environment-Focus: Given the likelihood of associated economic growth that may accompany
VRP adoption, the effectiveness of VRPs and circular economy in achieving cleaner production
practices and reduced negative environmental impact is dependent upon the capacity of policymakers to require producers to continuously-improve their environmental performance, their
environmental responsibility, and their engagement of consumers in facilitating reverse-logistics
for VRPs (Ghisellini, Cialani, and Ulgiati 2016);

•

Small-Medium Enterprise (SME)-Focus: SMEs face a concentration of financial and
technological barriers to VRP process adoption, but may also provide an essential launch platform
for growth of circular economy service providers and value-chain stakeholders (Del Río, Carrillo‐
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Hermosilla, and Könnölä 2010). Additional opportunities for SME value-chain members who
facilitate the closing of product-loops within the circular economy (e.g. via outsourced reverselogistics systems) can also be enabled and supported within technology and environmental policy
initiatives;
•

Strategic Niche Management: The protection of niches within VRP system and/or circular
economy can enable early growth by facilitating financial flows, stakeholder collaboration, and
network development. Technological network development and growth strategies are
complementary to environmental policies, and focus on supporting the agents within the VRP
system through technology policy, R&D support, and other initiatives specifically focused on a
particular niche of the VRP system (e.g. full or partial service life VRPs; forward- vs. reverselogistics) (Del Río, Carrillo‐Hermosilla, and Könnölä 2010);

•

Public Procurement: Procurement policies and practices established for government offices,
agencies, and affiliated organizations can help to establish/create a new market for early stage
product innovations and/or low rates of adoption for innovative processes (Del Río, Carrillo‐
Hermosilla, and Könnölä 2010).

Additional measures may include supporting and/or facilitating the establishment of eco-industrial parks
that can facilitate product, material, and knowledge flows amongst strategic segments of within and acrosssector stakeholders; the provision of adequate and required infrastructure to facilitate product reverselogistics, particularly for SME actors within the VRP and circular economy system that do not have the
scale or capacity to efficiently engage in reverse-logistics independently; and systems-level promotion and
education programs targeting both producers and consumers, helping to alleviate some of the capacityburden from SME actors. (Ghisellini, Cialani, and Ulgiati 2016)
Given that economies face distinct combinations of VRP barriers and may have unique objectives for VRPs
as part of an economic or environmental agenda a range of potential strategic interventions are available to
policy- and decision-makers. As shown in Figure 116, different policy priorities can lead to increasing flows
of VRP products within an economy (horizontal plane), and/or to increasing capacity for VRP processes
and products within an economy (vertical plane). For example, enhancing EOU product collection
infrastructure, programs, and systems will facilitate increased flows of essential VRP process core inputs
to VRP producers, but will do little to increase the capacity of producers, alone; in contrast, supporting
education and training for improved skilled VRP labor pools will contribute to capacity growth for VRP
producers, but will do little to increase the flows of core inputs.
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Figure 116: Differentiated barrier alleviation strategies for different economic objectives

Depending on the specific conditions and priorities of an economy, different policy priorities and
instruments can be used, in combined environmental-technology approaches as previously discussed.
Encouraging and enabling stakeholder awareness of the need for circular economy practices, and the
development of systems and infrastructure to enable basic material and product diversion is a logical
starting point for any circular economy strategy.
In non-industrialized economies the rates of formal and informal direct reuse and repair tend to be high: As
a form of knowledge accumulation this suggests that there is consumer-level awareness of the retained
value of products, and the opportunity for product-life extension. (Bell and Albu 1999, Weeks 1975) In the
longer-term evolution towards more complex and sophisticated reverse-logistics systems and production
technology, an emphasis on partial service life VRPs enables a short-term and transitional opportunity to
acquire knowledge and advance technological systems necessary for circular economy. (Bell and Albu
1999)

5.4.5 Integrated Global Responses to Barrier Alleviation
As originally discussed in Section 1.3.2, economic growth within the context of circular economy may be
an option if integrated and coordinated action by both global North and global South is possible: Where
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economies in the global North can focus on decoupling production impacts from economic growth, and
potentially even de-growth strategies, economies in the global South may initiate growth pathways that are
informed and guided by planetary constraints and carrying capacity limits. (Ghisellini, Cialani, and Ulgiati
2016)
Industries that are experienced in VRPs have begun discussions on the development of voluntary standards
as a means of addressing competition, trade, and information asymmetry issues affecting growth,
performance, and opportunity (Motor & Equipment Remanufacturing Association 2016). In many cases,
this interest is motivated by competition: in the absence of market awareness, information, and
standardization, firms practicing high VRP standards are unable to compete against those meeting lower
standards. (Ponte 2014) Standards development is often viewed as a form of voluntary regulation that is
increasingly being used by governments to delegate responsibility for dealing with and addressing
environmental and social issues to industry (Ponte 2014). Once established, these standards effectively
become de facto mandatory, and the process for developing standards is often explicitly specified to include
multi-stakeholder perspectives and steps. (Ponte 2014) Given the systems-perspective of circular economy,
voluntary standards for VRPs require a multi-stakeholder ‘collective’ approach, with required institutional
features and procedures to help establish legitimacy of the effort. (Ponte 2014)
Despite positive intentions, the outcomes of industry-roundtable standards development tend to be
distributed. The experiences of the Forestry Stewardship Council (FSC) and Marine Stewardship Council
(MSC) demonstrate that a common emphasis on and overrepresentation of the ‘global North’ often results
in limited involvement of, and therefore adoption by, stakeholders in the ‘global South’ (Marx and Cuypers
2010, Ponte 2014). In addition, the failure to engage and successfully certify compliance of stakeholders in
the global South limits the potential for desired outcomes.(Ponte 2014). In the case of Responsible
Sustainable Palm Oil (RSPO), the lack of awareness, interest, and conflicting trade priorities led to low
certification of high-consuming economies (India, China, and Pakistan); effectively, as a voluntary
initiative ‘opting-out’ remains a viable decision, albeit one that threatens the legitimacy and success of the
overall global sustainability initiative. (Cheyns 2011, Djama, Fouilleux, and Vagneron 2011, Ponte 2014,
Schouten and Glasbergen 2011)
To be meaningful, voluntary agreements focused on the development of, and compliance with high
standards for circular economy and sustainability must overcome two key barriers: 1) small certification
markets that limit scale, impact, and value-chain adoption; and 2) competing standards initiatives that can
dilute the message, scale, and effectiveness of the standards (Ponte 2014). VRP producers must be
particularly careful in any initiative towards voluntary standards to include smaller actors and engage value-
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chain members in the global South. Government guidance can facilitate an effective and legitimate
standards-development process; however additional normative pressures from NGOs and social movements
can help to ensure optimally inclusive and representative interests at the table. (Ponte 2014)

5.5 The Necessity of a Product-Systems Approach
System complexity, and the management of that complexity, is a very real concern for both industry
decision-makers and policy-makers in the context of circular economy. The complexity of a single
production operation often feels significant to those who try to influence and/or enhance it; so much more
so the complexity of an interconnected, interdependent, dynamic, and evolving economic system of
independent producers, third-party value chain parties, consumers, regulators, economics, and sociotechnical factors implicit in a circular economy. In modeling and assessing the circular economy system,
this is ever-apparent. However, the circular economy system need not be any more complex that other
systems that have been considered, adopted, and mastered, including human health and global trade. Rather
than permit complexity to overwhelm and stunt the transition to circular economy, the perspective of Senge
(1997) supports a strategic approach to assessing and understanding the complexity of circular economy
that policy-makers and firms must face: detail complexity, which originates in the number of details that
must be considered and incorporated; and dynamic complexity, which originates in the fact that
interventions in the system may not produce expected or obvious effects, and these effects may also differ
between the local vs. global, and the short- vs. long-term experience. Applying complexity perspectives to
the circular economy, Velte and Steinhilper (2016) note that particularly for firms, the circular economy
can be both too big and too diverse for any single firm to meaningfully connect all the elements (details and
linkages) that should ideally be considered. In addition, the dynamic changes within the fast-evolving
circular economy system can neither be predicted nor controlled by the firm, leading to increased sense of
risk and potential exposure associated with the pursuit of firm-level circular economy.
To design both system and product for circular economy effectively, Velte and Steinhilper (2016)
recommend a complexity-prevention approach: preventing the challenge before it can, or needs to be
reduced. However, without careful consideration and applied systems-perspective, the traditional approach
to

circular

design

may

actually

increase

complexity:

for

example,

design

for

reparability/remanufacturing/modularity/serviceability/etc. can actually increase the number of elements
and connections required at both product- and system-levels. Similarly, the closing of material and/or
product loops requires an increase in the number of links between stakeholders and system agents, but these
links can be diverse, crossing a range of differently motivated/oriented stakeholders. As such, the
performance management of both individual actors and system performance can require significant
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resources and time, beyond the capacity and/or capability of a single firm (Velte and Steinhilper 2016).
Finally, the interdependencies of the system can affect efficiency and effectiveness of any single actor or
initiative within the circular economy: the responsibility to manage and optimize all non-linear and
unpredictable conditions of such a system is an unrealistic burden to assign to any single firm or actor.
(Velte and Steinhilper 2016)
Therefore, while the complexity of the circular economy may be manageable, the need to engage and initiate
collaboration across a range of stakeholders and decision-makers is obvious: Where firms must be
responsible for addressing product-level complexity within a particular product design and business model,
this must integrate with broader systems-level initiates to simplify and optimize linkages and performance
management – responsibilities better managed by industry collaboratives, the rise of new service providers
within the value-chain, and governments.
It is increasingly clear that the complexity of more circular product and economic systems requires a more
comprehensive, non-linear approach if they are to be optimized in pursuit of environmental and economic
benefit. From the product perspective, there is need to expand the boundaries beyond what the firm has
direct control over, and beyond what is traditionally considered as part of the design process. As highlighted
in Section 5.2, product development responsibility must extend beyond the point of product sale and must
include important design considerations to accommodate and optimize multiple service lives, forward- and
reverse- logistics, as well as the social and economic systems that the product will exist within. From the
economy’s perspective, the benefit-potential enabled via VRPs cannot be realized without optimizing the
broader system that VRP products exist within. Aspects of the economic system that cannot be controlled
or influenced by the firm, or which require a more centralized and standardized approach to ensure
optimized flows and capacity for VRPs within the domestic economy, must become part of the policymakers priority under a circular economy initiative. In other words, to realize the potential of VRPs as part
of a circular economy strategy, policy-makers must focus on streamlining and maximizing the efficiency
of the broader system, to enable and incentivize industry to innovate and thrive through VRPs. The
following sections highlight the key insights of the “product” approach, the “systems” approach, and the
necessary integration of both into a comprehensive and robust “product-systems” approach.

5.5.1 Product Design Systems Require Expanded Boundaries
Product design is important, but not the only determinant of circular economy potential. Product design
goals are themselves dictated by the underlying objectives and constraints of the producer, as well as the
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conceptual approach they take to production. Implementing system circularity into the business model, and
ultimately into the product development process, therefore requires a comprehensive approach.
Currently most VRPs are undertaken as an ‘art’ not as a ‘science’: They are often customized for a specific
product or component, within a limited supply chain scope. Customized VRP approaches enable high levels
of effectiveness and efficiency in the context of that single product or component, but ultimately inhibit the
scale-up of those VRP practices to more expanded applications, and they limit the standardization of those
practices outside of the organization from which they originated. Under this ‘artful’ approach to VRPs, the
intensity of VRPs even in well-established markets remains low, and the realization of efficiency potential
is limited. While the pursuit of more ‘scientific’, standardized approach requires a comprehensive productsystems approach, the path towards a product-systems perspective requires investment.
As discussed in detail in Section 5.2, the nature of VRPs creates an implicit requirement to consider the
entire life-cycle of the product beyond the warranty. However, responsibility for designing circularity into
products and systems cannot be left to designers alone: A comprehensive consideration for, and objective
of, incorporating VRPs must occur very early in the product development process, prior to
conceptualization and design. The decision to develop VRP products must be undertaken as a strategic
business decision and must be incorporated into every aspect of the business, including product design. A
well-designed VRP product must go hand-in-hand with an effective and efficient business model for
maximizing value-retention of the product (e.g. reducing degradation during use-phase), and the reverselogistics system for EOU products (e.g. maximizing collection rate and collection quality). The product
development process must incorporate design principles of value creation, value preservation, and value
collection, alongside strategic design approaches that ensure consideration of the entire product-system.
The pursuit of this new approach requires an overhaul of both technical and social systems that are
predominant in organizations worldwide. From a social perspective, changing product development
procedures requires significant communication and buy-in creation across potentially enormous
organizational networks and teams: these cannot happen overnight, and require significant leadership and
capital investment to accomplish. From a technical perspective, product design is currently constrained by
existing technology and technological processes, and by the data and information that the product
development team has (does not have) access to.
Adopting an expanded view of product-system boundaries will be, alone, ineffective: an expanded systemsview requires significant quantities of new information and data to support development teams and design
engineers in their pursuit. In addition, significant investment in advanced technology will be needed to
facilitate higher value-retention and faster adoption of VRP production approaches.
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5.5.2 All Economies Require a Systems-Perspective for Circular Economy
While the circular economy suggests a simplified vision, it entails complexity and interconnectedness at
both macro- and micro- scales that must be appreciated and understood by system stakeholders. As
suggested throughout this report, the mechanisms by which an industrialized economy pursues circular
economy and VRPs may necessarily differ from those appropriate for a non-industrialized economy, largely
because of varied technological, infrastructure, market, and regulatory conditions that can increase the cost
and effort required to achieve the desired transformation.
Given the systems-perspective advocated for circular economy approaches, in the case of non-industrialized
economies there are some key system conditions that can affect an economies ability and interest in
pursuing adoption of VRPs and other circular economy practices that industrialized economies may take
for granted, including: the existence of waste diversion and recycling regulations; the presence of public
and/or private infrastructure to facilitate diversion and recycling; the extent of domestic production and
technological capacity; the ability to influence nature of imported products via trade relationships; and the
ability to engage and educate customers/users in the market. While these types of systemic challenges face
both industrialized and non-industrialized economies alike, the optimal strategies employed to overcome
them likely differ.
For example, as mentioned, where a non-industrialized economy has a strong reliance on informal repair
activities and a low level of formal industrial capacity (Bell and Albu 1999, Weeks 1975), the optimized
circular economy strategy will not seek to displace repair with higher-impact VRPs in the short-term;
instead it will focus on improving and enhancing the efficiency and value-retention ability within the
existing repair system, and potentially expanding that system to achieve better outcomes for independent
repair entities and customers alike. This approach is consistent with the overarching strategic approach
outlined in Section 1.3.1 (Ellen MacArthur Foundation 2013a):
1. Maximizing collection and capture of materials at the ‘gaps’ between lifecycle stages at which loss
could occur;
2. Retaining the highest possible value of materials, once recovered; and
3. Remodeling the linear system through infrastructure development, process innovation, and product
innovation to increase the use of high-value recovered materials as inputs into the production
system, in place of raw inputs.
As suggested throughout this report, not all VRPs are appropriate for all products or all economies:
Collaborative initiatives between domestic industry decision-makers and policy-makers to share
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information and to identify opportunities for improving circularity is needed: via closing loops and
mitigating system losses; and via implementing the adoption of VRPs and VRP products in a manner that
works within the existing production and collection infrastructure.
The reliance of VRPs upon the presence and efficiency of collection infrastructure, as just one example,
highlights this fact. To appropriately plan, organize and implement for circular economy, a systemsperspective is essential. Figure 117 describes the complexity impact of potential barriers on primary product
flows and overarching system factors with the introduction of VRP production, with barriers identified as
follow:
•

(A) Regulatory and access barriers;

•

(B) Collection infrastructure barriers;

•

(C) Customer market barriers; and

•

(D) Technological barriers.

Figure 117: Overview of comparative system complexity

From this perspective five important implications become clear:
1. There is an essential requirement for continued OEM New production, without which VRPs would
not be possible. If differentiated and positioned appropriately, VRPs may serve to enable growth
opportunities for the entire product segment by targeting and engaging new, previously untapped,
market segments that are underserved by OEM New products. For non-industrialized economies that
do not have production capacity for OEM New products, it will be important to identify other
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opportunities to access EOU products to facilitate value-retention and product-life extension in the
context of a global circular economy;
2. The inclusion of VRPs in the system increases complexity significantly: OEM New vs. VRP
production processes and requirements are differentiated, and require differentiated technology,
knowledge, and labor skill requirements. Due to regulatory and/or market conditions, VRP products
are differentiated from OEM products in terms of how they can flow from producer to customer; and
there is an essential reliance upon collection of EOU products and components through secondary
markets in order to enable the production of VRP products. For non-industrialized economies, the
expansion of VRP technology, knowledge, and labor skills is not predicated on pre-existing domestic
industrial infrastructure. Where domestic R&D funding may not be available, partnerships with
globally-operating OEM producers can help to facilitate the transfer of technology and the opportunity
to engage in new value-chain roles as part of a global circular economy VRP network (Bell and Albu
1999, Weeks 1975); Integrated and coordinated action by value-chain members and stakeholders in
both global North and global South is needed to enable a movement towards decoupling production
impacts from economic growth in economies in the global North, alongside sustainability-guided
growth pathways for economies in the global South (Ghisellini, Cialani, and Ulgiati 2016);
3. There is a distinct difference in how the identified system conditions (barriers) affect and
influence the system when VRP production is present. The objective of increasing the scale and
prevalence of VRPs and VRP products within an economy requires a holistic approach that considers
the magnitude and cause of barriers throughout the entire system, as well as how those barriers may
interact to compound or negate one another. In economies that currently lack sufficient environmental
regulation and programming to require and facilitate waste diversion and recycling, technology-focused
policy initiatives that ignore the reverse-logistics supply-chain requirements of VRPs will be less
effective because essential flows within the VRP system are still constrained; Similarly, in economies
with comprehensive reverse-logistics systems, but insufficient customer/user interest and awareness,
supply-stimulating initiatives will be less effective because they do not address the lack of market
demand for VRP products. This complexity, as highlighted by Velte and Steinhilper (2016) may be
approached meaningfully via combined environmental and technology policy initiatives (Del Río,
Carrillo‐Hermosilla, and Könnölä 2010) (See Section 5.4.4);
4. There are multiple, diverse, and interconnected stakeholders, each with a potential role to play
in the transition to circular economy and the uptake of VRP production. It is essential to consider
the intersection and interplay of barriers and stakeholders within the system, and doing so in the context
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of this study enables additional observations about potential system interventions, opportunities and
responses:
•

Government policy-makers have a central and pivotal role related to the presence and alleviation
of regulatory, access and collection infrastructure ‘flow’ barriers, (A) and (B) respectively (See
Figure 117). This holds true for both industrialized and non-industrialized economies;

•

Other stakeholders, including industry, may have an important role to play in the alleviation of
barriers related to the customer market and technological capacity, (C) and (D) respectively (See
Figure 117). This also holds true for both industrialized and non-industrialized economies.

5. There is an underlying order essential for the circular system that must be acknowledged to
optimize strategic policy responses:
➢ Demand originates in the market with the customer;
➢ In response to that demand and the inherent economic opportunity, demand will be met
with supply from domestic production and/or imports; and
➢ Once the product reaches an EOU stage, it will be directed into a secondary system
that will dictate the magnitude of value and utility retention of the system.
An appreciation of this hierarchy is critical for the success of VRPs within any system, as it leads to
the necessary conclusion that strategic interventions must be made within the context of the
interconnected system:
•

Since demand originates in the market with the customer, barriers that inhibit the generation of
awareness and of demand for VRPs, such as access restrictions that prohibit VRP products to enter
the customer market, are particularly problematic for creating the business case for domestic
producers to engage in VRPs and/or to increase VRP production capacity. Engaging in valueretention can include all or just a single VRP process as part of a circular economy initiative, as
may be most appropriate in the short-term for non-industrialized economies;

•

Therefore, barriers that restrict the VRP producers’ access to technological capacity, skilled labor,
process know-how, and/or essential inputs to VRP production, ultimately restrict production
capacity even in markets where demand may be prevalent; and

•

Finally, where demand and access exist, there is an opportunity for OEMs and third-party entities
to initiate strategic responses that make sense for their organization, and which create opportunities
within the value-chain for new members and circular economy services. Although some OEMs
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may be concerned about the potential for cannibalization of their OEM New product offerings, it
must be acknowledged that the failure to offer VRP products is ultimately a missed economic
opportunity. In addition, the decision to pursue these opportunities need not necessarily be in the
form of extensive capital investment into a new VRP production division: Alternate business
models, including but not limited to partnerships with ‘OEM-certified’ third-party VRP entities,
have already been successfully employed in many sectors and economies to help meet demand for
VRP options, while maintaining brand integrity and quality perceptions. As observed, current
approaches to circular economy have largely evolved from waste management (environmental), or
from eco-innovation (economic and technological) policy strategy (Geng, Tsuyoshi, and Chen
2010, Ghisellini, Cialani, and Ulgiati 2016, Yong 2007). Both foster an appreciation for the cyclical
nature and potential of value-retention within circular economy, and when combined, may foster a
faster scale-up of VRP adoption and transition to circular economy.
For economies wishing to pursue circular economy and VRPs as a key aspect of an effective system,
acknowledgement of the underlying order within the system can help to guide strategic policy opportunities,
as simplified in Figure 118.

Figure 118: Inherent system order enables priorities for alleviation of VRP barriers
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A simplified approach to barriers assessment and the role of government and industry members in
developing strategic responses to barrier alleviation is outlined in Figure 119.

Figure 119: Role of government and industry decision-makers in assessment of VRP barriers and strategic
priorities

As suggested throughout this report, there is a need to balance the tension between short-term economic
priorities of growth and human well-being, and longer-term objectives of a cohesive socioeconomic
relationship with the environment via sustainability. The marginal reduction in the environmental impacts
of production that are enabled via VRPs and circular economy provide an opportunity to bridge both shortand long-term, economic- and environmental, objectives via material efficiency and material productivity.
(UNEP 2016b)
Accepting the tension between these short-term and longer-term objectives, short-term efforts must seek
out opportunities for increased material efficiency, resource efficiency and productivity, including marginal
reduction in the environmental impacts of production. (UNEP 2016b) This must occur in parallel with
efforts focused on longer-term social and system transformation in pursuit of sustainable economic systems,
including the ultimate decoupling of production from negative environmental impacts.
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6. Conclusions
Motivated by an increasing awareness of the need to decouple escalating resource use and environmental
degradation from economic growth, this assessment has investigated the current state, potential
contribution, and barriers to more broad-scale incorporation of VRPs within industrial economic systems.
The product-level analysis of five production processes (OEM new, arranging direct reuse, repair,
refurbishment or comprehensive refurbishment, and remanufacturing) for nine products, revealed the
varying degrees and types of benefit that VRPs can offer to three major industry sectors of the global
economy (See Sections 3.1, 3.2, and 3.3). The study of four key global economies of USA, Germany, Brazil,
and China, revealed how current-state conditions, as well as the presence and nature of systemic barriers to
VRPs, will affect the transition to circular economy, and the realization of economic opportunity and
environmental benefits enabled through VRPs (See Section 3.4) The in-depth VRP demand model
presented in Section 4 highlights potential avenues for informed strategic industry decision-maker and
policy-maker interventions to help accelerate the adoption of VRP using a behavioral economics approach.
The need to transition towards greater resource efficiency is clear (UNEP 2014, 2016a, b, 2017). While it
does not provide a universal solution to all sustainability challenges, the circular economy offers an
opportunity to mitigate some of the tensions between economic, environmental, and social priorities set out
by the United Nations’ Sustainable Development Goals (United Nations 2017) by pursuing a modified and
more efficient economic system that retains value and eliminates the inefficiency of waste. (Cooper et al.
2017, Ellen MacArthur Foundation 2013b, Geissdoerfer et al. 2017, Ghisellini, Cialani, and Ulgiati 2016,
World Economic Forum and Ellen MacArthur Foundation 2014) As demonstrated throughout this report,
where employed appropriately VRPs, as a subset of tools for the circular economy, can provide an
opportunity to reduce the marginal impacts of production while still enabling the achievement of economic
and environmental enhancement (See Sections 3 and 3.2). As such, where employed appropriately, the
adoption of VRPs worldwide can support the objectives of increased system circularity in both
industrialized and non-industrialized economies, the decoupling of economic growth from environmental
degradation, and the pursuit of improved resource efficiency. (See Section 3.4)
While some decoupling technologies and techniques are already commercially available and/or used in
non-industrialized, developing/newly industrialized and developed/industrialized economies, increasing
the dissemination, adoption, and economic viability of these approaches remains a challenge. The following
four sections highlight the most significant conclusions resulting from this assessment.
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6.1 Value-Retention Processes Create Efficiency Opportunity at the Product-Level
The inclusion of VRPs within the domestic production mix of studied sample economies has been shown
to create net-positive product-level reduction in new material requirement, embodied material energy,
embodied material emissions, and in many cases, process energy and emissions as well. At the productlevel, VRPs offset environmental impacts and allow for cost reduction; in the case of full service life VRPs
(e.g. remanufacturing and comprehensive refurbishment), new skilled employment opportunities and
customer utility are also created. VRPs do not offer equal benefits for circular economy, but, alongside
recycling, are essential aspects of a circular economy strategy. Based on the case studies in this study, the
most significant value-retention comes from full service life VRPs of remanufacturing and comprehensive
refurbishment, despite their current low intensity in the most well-established economies. Arranging direct
reuse and repair activities (partial service life VRPs) offer an important function of extending product utility
at a relatively minimal impact. These insights hold consistent when considered for additional non-case
study products (printer cartridges, office furniture, and mobile phones) as well (See Section 3.3). It is
important to note that VRPs are not necessarily appropriate for all products, and it is important for firms to
carefully consider the circular economy business model and VRP adoption strategy that is optimal given
their operating environment. Further discussion of the required product and system characteristics and
conditions for VRPs is provided in Section 5.2.4. In the case of the industrialized sample economies studied
in this assessment, when aggregated up to the scale of an economy, the increased presence of VRPs leads
to an increase in avoided production impacts in every case. Although an extreme example, the Theoretical
High scenarios applied to each product sector for the USA, Germany, Brazil and Germany highlight that,
the potential benefit that can be achieved from the increase in circular production processes as part of their
production mix. In economies where VRPs are already well-established and accepted, market barrier
alleviation that focuses on increased VRP consumption, enhanced product-system design and improved
distribution channels enables new efficiency and opportunity for impact reduction; in economies where
VRPs are currently low or non-existent, the alleviation of access, regulatory and collection infrastructure
barriers leads to better technology, processes, and knowledge for domestic VRP producers, thus
establishing a sustainable industrial foundation that can support the pursuit of circular economy.
As discussed throughout this report, the pursuit of circular economy and VRPs can be substantially affected
by a range of system factors and conditions, including production and market capacity, forward- and
reverse-logistics infrastructure, regulatory conditions, and social norms and cultural attitudes of an
economy (See Sections 1.7, 4.1.1, and 4.1.2). While every economy must necessarily differentiate its
approach, the distinction between appropriate strategies for industrialized and non-industrialized economies
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is worth noting, and the need to integrate perspectives and needs of the global North and global South must
be emphasized. (Cranston and Hammond 2012, Hammond 2006) The industrial emphasis of circular
economy does not preclude the engagement of non-industrialized economies in value-retention initiatives,
and the absence of industrial manufacturing systems does not imply the absence of economic systems;
instead, distributed and informal approach to value-retention, including informal repair and reuse VRPs,
are common. (Bell and Albu 1999, Weeks 1975) Sustainability literature often emphasizes the need for
economic development, including support and technology transfer from richer, industrialized economies of
the global North (Cranston and Hammond 2012, Hammond 2006) Where pursued as a combined initiative
of environmental and technology policy to support eco-innovation (See Section 5.4.4), and where global
industry value-chain members from both global North and global South are engaged in voluntary pursuit
of improved standards and performance (See Section 5.4.5), there is significant opportunity to nonindustrialized economies to further engage in both domestic and global circular economy opportunities.
There is no evidence that economic status determines a country’s ability to successfully engage in VRPs as
a strategy for more sustainable production; rather, it is the presence and nature of systemic barriers to VRPs
that affect the speed at which VRPs can be integrated and adopted, and the resulting economic and
environmental benefits realized. Naturally every economy will face different barriers, and therefore it is
important that the efficiency opportunity of VRPs be assessed with consideration for the unique conditions
specific to each economy. While the potential for efficiency is real, the magnitude of benefits and realistic
pathway to achievement of greater VRP adoption will vary, and these considerations must be incorporated
into strategic policy and decision-making. (See Sections 5.4 and 5.5)

6.2 Adoption of Product-System Design Approaches Is Critical
The cause of low-intensity of VRPs in relatively ‘open’ industrial economies is largely attributed to the fact
that most VRPs are currently undertaken as an ‘art’ not as a ‘science’. A scientific approach VRPs requires
a product-systems view, in which products are developed with VRPs in mind. This inherently requires an
expansion of the product’s ‘system boundaries’, to consider design requirements that maximize valueretention, enable multiple service life-cycles, and ensure efficiency within all forward- and reverse-logistics
systems and subsequent VRPs. (See Section 5.2)
Products must be designed in the context of a new set of objectives that include value-creation, valuepreservation, and value-recovery; and these objectives must be established early in the product development
process, long before product design engineers undertake conceptualization and design activities. The
product-system design approach requires engagement and buy-in at all levels of decision-making within an
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organization and must be adopted very early in the product development process as a key requirement and
objective of the development process. PSSs have provided an innovative business model foundation for
further research and exploration and have demonstrated the potential for viable circular economy business
models that create value for both producers and customers/users. (See Section 5.2.1)
A scientific product-system approach also suggests an enhanced degree of standardization of the qualities
and outcomes of VRPs – for example, standardization of what qualifies as a remanufactured vs. a
refurbished product. The diverse nature of the products that VRPs are being designed for requires
significantly different steps, phases and processes to be undertaken. However, the objective outcome should
be consistent, per the example set through the agreement of global vehicle parts remanufacturers (MERA,
2016) which establishes standard aspects of remanufacturing:
•

A standardized, fully documented industrial process;

•

Yields same-as-new, or better, condition and performance of the remanufactured product;

•

Aligns with relevant technical specifications, including engineering, quality and testing standards;
and

•

Yields a fully-warranted product.

It is essential to acknowledge that the product-system approach cannot be started fresh from a blank-slate:
there are complex and comprehensive organizational and economic system conditions that must be adapted
and incorporated into the new approach. Despite best intentions, education of product designers alone is
insufficient: Design is currently constrained by the information and data that a company has access to, and
the incumbent production technology. To best support an expanded product-system approach, system
information and data related to distribution, markets, forward- and reverse-logistics, and VRPs must be
provided to product development and design engineers. In addition, significant investment to enhance
system efficiency and adopt advanced technology, including additive manufacturing, is required.
Ultimately, a high degree of data, understanding, and comfort with the additional requirements inherent to
a product-systems approach is essential for engaging industry and supporting the scale-up of VRPs within
an economy.

6.3 Existing Reverse-Logistics Must Be Enhanced
VRPs and recycling are essential aspects of a circular economy that, in combination, optimize the retention
of value within the economic system. Where VRPs retain the material value and functionality of the product,
recycling retains material value in the system once product functionality has degraded. Given the valueretention objective of circular economy, VRPs must be employed alongside recycling as part of a
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comprehensive approach to material efficiency. In addition, the systems that govern the flows, or reverselogistics, of EOU products from the customer market back into the system, must be optimized and
enhanced. Developed and industrialized economies have invested in the achievement of highly efficient
and optimized forward-logistics that have facilitated significant economic growth under the traditional
linear model; enhancing the design, infrastructure, investment, and extended value-chain membership to
achieve similar levels of efficiency and optimization in reverse-logistics must become a new priority as a
strategy for economic and environmental improvements (See Sections 5.4.3 and 5.5).
Many economies have embraced recycling as an important infrastructure system, and many have set
aggressive recycling system performance targets. From this perspective, and like the accepted waste
hierarchy, where VRPs ensure that material value and functionality are retained within the product, once
functionality has degraded it is the recycling system that ensures that material value is retained within the
broader system. (See Section 1.5.1)
Implicit in this is the fact that reliance on recycling alone can lead to lost value within the system and lost
economic opportunity. The inclusion of VRPs as a requirement of a circular economy strategy, can lead to
increased economic capacity and opportunity at reduced impact, simply deferring the arrival of material in
the recycling system until after the functional value of a product has been used-up through extended or
multiple service lives.
The effectiveness of VRPs and recycling are both determined by the effectiveness of reverse-logistics
systems that capture and direct EOU products and components back into the appropriate reuse or recycling
market. In effect, without the optimized flow of EOU products and components back into a value-retention
process through reverse-logistics, any strategy to pursue circular economy will be ineffective. As discussed,
the origin of many circular economy initiatives around the world is in the pursuit of a solution to a waste
management challenge (Geng, Tsuyoshi, and Chen 2010, Ghisellini, Cialani, and Ulgiati 2016, Yong 2007).
(See Section 5.4.4) As such, the establishment of appropriate policy and infrastructure to facilitate waste
diversion, collection for recycling, and reverse-logistics for VRPs must be a top priority for any economy
in which these systems do not currently exist.
As highlighted in Section 5.4.3, the success of VRPs and recycling is reliant on the effective and efficient
diversion and collection of EOU products for use as inputs to the process. Collection infrastructure cannot
be left to industry alone: the significant and inefficient cost-burden is prohibitive for individual
organizations. Creative approaches to creating opportunities for improved efficiency performance of
collection infrastructure, which may be shared by multiple organizations and/or industry, has been
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demonstrated by existing e-waste and packaging diversion programs worldwide, and may exist within, or
separate from EPR legislation as appropriate.
In many cases, shared collection infrastructure can be initiated with the support of national funding for both
education and system design. Secondary markets exist in all economies but are not always as efficient or
productive as they could be. A policy-focus on the implementation of, and efficient performance of value
retention and EOU collection systems is an important starting point.
In addition, new businesses opportunities within the value-chain that are focused on the provision of
reverse-logistics and quality-control services have already begun to demonstrate the economic potential of
business models for the circular economy.68 It is important that policy initiatives that facilitate, encourage,
and support such reverse-logistics initiatives be developed in parallel to these industry-led initiatives.

6.4 Market Transformation for Value-Retention Processes Relies on Government

and Industry
The circular economy sets out a framework in which VRPs work alongside other essential economic and
behavioral strategies to reduce the environmental burden of the global economy. However, this is a grand
vision, and significant market transformation is required to achieve the potential economic and
environmental benefits promised by circular economy.
In the case of VRPs, ultimately, responsibility for scale-up and adoption rests with every decision-maker
on the planet: from the individual consumer making an everyday purchase decision, the business leader
evaluating how to improve the climate footprint of the company, the project manager establishing design
requirements for a new product, through to the policy-maker considering how to plan for economic growth
in the context of international GHG emissions reduction commitments. The next market transformation
must ensure a shift in understanding, awareness, access and adoption of VRPs for each one of these
decision-makers.
There are a range of opportunities to help kick-start this much-needed market transformation, and both
governments and industry have an important role to play in helping to increase the adoption of VRPs.
As covered extensively in Section 5.5, and highlighted in Section 6.2, industry has an essential role to play
in initiating and scaling-up the adoption of VRPs. In addition to adopting a product-systems approach to

68

Some business models support the transition of individual businesses towards more circular practices by facilitating
the collection of their used products/parts around the world and returning them to a defined destination for
refurbishment and remanufacturing. (https://www.c-eco.com/).
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development, new innovations in business and ownership models can have a significant impact in the
necessary market transformation (Refer to Section 5.2.2.2). For example, there are increasing examples of
business models that are focused on the service provided by a product, rather than on the ownership of the
product. Under a service model, ownership and responsibility for value-retention remain with the producer,
increasing the likelihood of EOU collection and repurposing into a VRPs, while still providing value and
utility to the customer. Inherent in this approach is a shift away from the traditional business case focus on
cost minimization, profit maximization and accomplishment of sales targets, towards a business case that
emphasizes the service fee, prolonged customer relationship, and the duration of service provision – all
strongly tied to high performance, value-retention, and utilization of the service-providing product.
In economies where access and regulatory barriers to VRPs exist, alleviation of these barriers must be the
top priority of a government’s strategic plan to pursue circular economy. However, as mentioned, the
presence of these types of barriers often originated out of interest to protect human health and the
environment, and these interests must continue to be protected in any barrier alleviation strategy.
The circular economy encompasses significant complexity in both the details and systems that must be
considered and managed by stakeholders, and that must be integrated with the continued traditional
consumption motives of quality and performance expectations. (See Section 5.5) As emphasized in the call
for an expanded systems-view (See Section 5.5), policy-makers must carefully employ and balance
seemingly disparate approaches and perspectives: integrated environmental policy and technology policy
to facilitate and enable eco-innovation for circular economy and VRPs; the use of compliance-based
(command-and-control) and market-based policy instruments to address the alleviation of barriers and the
promotion of VRP adoption; and acknowledging the differing priorities and needs of economies in the
global South alongside the priorities and needs of economies in the global North.
The presence of access and regulatory barriers to VRPs dominates an economy’s ability to adopt VRPs and
to realize the benefits of value retention within a circular economy. The presence of access barriers slows
the growth of VRPs production activities, and subsequently the speed of production capacity scale-up and
the related growth in customer demand for products from VRPs. Where producers are unable to access and
engage in VRPs, technology and knowledge transfer are inhibited, and the business case for VRPs is quickly
undermined. As previously described, barriers that inhibit market awareness and demand for VRPs should
be considered a priority. In the absence of access to VRPs product options, customer market awareness is
preempted, and the development and maturation of VRPs within an economy become incapacitated. The
urgent implication of this scenario is that there is little ability to reduce the negative environmental impacts
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associated with the growth of traditional production activities. In effect, without producer and customer
market access to VRPs, any tangible domestic strategy for circular economy will be in vain.
Governments, as major consumers, have an important role to play in increasing domestic adoption levels
of VRPs (See Section 5.4.4):
1. Enabling equal treatment of products of VRPs: the modification of government procurement
policies that may currently distinguish and/or discriminate against VRPs, in order to enable equal
treatment and consideration of the products of VRPs, is an essential first step. For example,
particularly in the case of remanufactured products that meet or exceed the performance
requirements of an OEM New product, this equal treatment would enable procurement
professionals to consider remanufactured products alongside OEM New product options69. Given
the unit-level impact reduction enabled by remanufacturing, where appropriate, the procurement
decision in favor of the remanufactured option would enable reduced environmental impact,
improved economic opportunity, and cost reduction, without compromising on product quality and
performance.
2. Providing incentives associated with VRPs: For many companies, the overhaul of existing
procedures in pursuit of product-system design perspectives may incite a fear of the potential for
substantial short-term cost and resource burdens. The provision of incentives to motivate, reward
and promote new industry practices is an essential first step to guiding a transformation of the
product development process. As domestic VRP activities accrue environmental impact benefits to
the domestic economy, it may be in the interest of governments to support and provide incentives
for producers that engage in VRP activities. This can help to improve economic system stability in
the short-term, allowing for VRP capacity and expertise to grow. Finally, similar to other market
transformation programs designed to promote more environmental product choices in the customer
market (e.g. energy efficient light bulbs), governments may wish to promote and encourage the
customer market to consider products of VRPs alongside OEM New through rebate programs or
other initiatives. The validation of unfamiliar technologies by government programs, and through
public procurement policies, may help to alleviate some of the concerns that are traditionally
associated with remanufacturing and refurbishment by consumers.

69

An example of procurement policies that are supportive of equal treatment of VRP products is the EC’s Green
Public Procurement (GPP) Criteria for Furniture, which specifies criteria for furniture refurbishment services and
furniture end-of-life services, alongside criteria for new furniture. Refer to
http://ec.europa.eu/environment/gpp/pdf/toolkit/furniture_gpp.pdf
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Coordination between policy-makers and industry is essential: the most efficient systems will still be
ineffective if products are not designed with VRPs in mind; value retention of the most material-efficient
products will still be minimal without effective mechanisms for bringing them into the market and
recovering them at EOU.
To help guide the evolution of both market attitudes and government policy that is appropriately supportive
of VRPs, industry must take leadership in the development of industry standards and certifications that can
help to overcome existing bias in the market. (See Section 5.4.5) Clarification and standardization of the
practices, processes and qualification that entail different VRPs, can help to support more appropriate
international definitions.
There is much need for strong government leadership in overcoming the inconsistent and confusing
terminology and definitions for VRPs, which remains one of the most significant issues and challenges to
increased scale and uptake of VRPs in economies around the world. These policy-related barriers often
either directly or indirectly create disadvantage, for a variety of reasons that range from consumer protection
interests (e.g. import restrictions) to environmental protection interests (e.g. product recycling targets).
Policy language that better reflects the potential embodied value of a core, and/or allows cores to be treated
as non-waste materials, can help to better support the impact reduction potential and economic opportunity
created through VRPs – including reverse-logistics, value-retention, economies of scale for VRPs, and a
compelling business case for VRPs. Going forward, policy definitions of VRPs must evolve to align with,
reflect, and acknowledge what is practiced within industry, and the value that these VRPs create for society
and the environment alike.

6.5 Recommendations for Future Research
The objectives of this study are ambitious, and the scope necessarily extensive. The discussion and insights
presented herein offer new perspective on the pursuit of circular economy through the adoption of VRPs;
however, there are some limitations to the study (See Section 2.5) that require attention and consideration
as future research initiatives.
There is immense need for the improvement of economic data related to VRP production in economies
around the world. Collaboration with government agencies, industry members and associations, and other
relevant stakeholders to gather, aggregate, validate, and disseminate important economic data that, at the
very least, differentiates OEM production from VRP production, will be essential for meaningful market
transformation to occur. While proprietary information presents legitimate constraints to such data
collection, refined trade classification systems (e.g. HS Codes, NAIC) may offer a reasonable starting point,
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as might collaborations with key industry members and/or representative industry associations in the
interests of enhanced industry performance and strategy.
The conflict between comprehensive data requirements and limited access to data was a primary driver
behind the selection of the case study sectors and products, as well as the sample economies of the IRP
study and subsequent VRP Diffusion Model. While the application of insights from this study have been
applied to diverse product categories and represented in the context of industrialized and non-industrialized
economies, there is still significant potential to expand on and validate the models used for the IRP Report
and for VRP Diffusion by incorporating extended case study products and sectors, and other economies.
The challenge of data also constrained the modeling approach, limiting the extent to which formal LCAs
could be completed and incorporated to reflect product-level insights. As such, future research to
incorporate more comprehensive LCA approaches, use-phase implications, forward- and reverse-logistics
stockpiling practices and the risk of shortages, as well as closed-loop modeling perspectives may enhance
these models and support extended research supporting market transformation for VRPs and circular
economy.
While the VRP Diffusion Model incorporates essential behavioral economics perspectives into the
traditional demand modeling approach for VRPs, there is significant opportunity to further investigate the
role of environmental values, as well as other potential decision-making model parameters related to VRPs
that could not be addressed in this study due to data and resource constraints.
Finally, innovation in sustainable production technologies and practices is expanding at an ever-increasing
rate, with potentially significant implications resulting from the increased application of robotics, machine
learning, additive manufacturing, and other technological and social innovations. These innovations may
potentially revolutionize and overhaul current sustainable product practices and should be thoughtfully
incorporated into future research extending the work on market transformation for VRPs and circular
economy.
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6.6 Final Words
The current intensity of VRP products around the world is low, but through the adoption of VRPs it has
been shown that great economic opportunity and environmental benefit are possible. VRPs provide the
most viable and proven approach to enabling industrial circular economies: It is essential that they form the
foundation of circular economy strategies of companies, industries, and economies around the world.
Despite very real implementation challenges that vary across each global economy, a bold and brave change
is needed if the value of VRPs is to be realized, and the pursuit of circular economies mobilized. This
change must entail and embrace product development that is for the entire product-system; Flows of global
forward-and reverse-logistics systems must be connected, and the efficiency of these systems maximized;
To help spur new levels of interest and adoption, producers and customers alike must be able to have access
to a greater range of VRP technology and products; And new and innovative business models must be
developed, tested and deployed to support meaningful market transformation. The pursuit of circular
economy is a vital and tangible strategy for overcoming the significant environmental and economic
challenges that we are facing. it is time for all decision makers to engage in, and take conscious action that
will enable, support and lead to the large-scale adoption of VRPs worldwide.
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Appendix A: Overview of Case Study Products and Sectors
This report utilizes results of detailed analysis on the selected three product sectors, and three products for
each sector, for new production as well as four Value-Retention Processes (VRPs): Arranging direct reuse,
repair, refurbishment, and remanufacturing. The analysis covers product-level detailed data collection and
analysis, as well as modeling to reflect aggregated market-level implications for each product and sector,
across the four sample economies (USA = A; Germany = B; Brazil = C; and China = D). The data required
to complete this analysis necessarily includes:
•

Volume of sales and trade; and

•

Economic and environmental impacts of each product and process, excluding the use-phase, over:
•

Usage Cycle, which includes the original manufacturing cycle and subsequent value-retention
processes; and

•

Process Cycle, which reflects only the value-retention processes.

Economic and environmental impacts were collected and/or calculated, by product and process, for key
metrics:
•

New material requirement (kg/unit);

•

Solid waste generation (kg/unit);

•

Process energy requirement (MJ/unit);

•

Process emissions generation (kgCO2-eq./unit);

•

Relative cost-advantage (% $ USD/unit); and

•

Labor requirement (Full-time worker/unit).

Industrial Digital Printers Sector
There are three products selected for case studies, representing the Industrial Digital Printers sector: a
magnetic ink character recognition (MICR) production printing and finishing Production Printer (144
images/minute), a 4-color electrophotography Printing Press (84 pages/minute), and a 4-color digital color
press xerography Printing Press (120-150 pages/minute). Specifically, case studies investigate these
products in the category of digital industrial printers.
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The industrial printing sector is comprised of both traditional (off-set) and digital print equipment. Offset
printers rely on a largely mechanical process that utilizes etched metal plates to apply ink onto a sheet of
paper; this traditional form of printing is typically more time consuming and expensive, often only
economical when production reaches batch sizes of 2,000+ identical copies.i,ii In contrast, digital printers
use electrostatic charge in the application and fusing of toner onto a sheet of paper. Digital printing is more
economical and faster than offset printing and can easily accommodate print batches as small as a single
page.i, ii
While the market for digital printers is smaller than for traditional offset printers, this share continues to
grow slowly: The nature of the market is such that both offset and digital printers are needed for different
functions.ii (See Table A-1) Where value-retention processes for digital industrial printers take place, the
specialized nature of the products and the specific electronic parts ensure that it is largely the OEM that is
conducting the remanufacture, refurbishment or reuse of the device. The lease agreements and part
exchange programs run by the OEMs largely influence the reuse of industrial digital printers.ii
National economic reporting on industrial printers often combines offset and digital technology; while
offset industrial printing presses were the dominant technology in the past, the short-run flexibility and
economics of digital printers in recent years has indicated technology switching by many firms.iii
Table A - 1: Estimated 2013 market size for Industrial Digital Printers

Est. 2013 Total Market Size
of Industrial Printing
Equipment (B$ USD)

Economy A
(USA)

Economy B
(Germany)

Economy C
(Brazil)

Economy D
(China)

3.78iv

5.38v

0.43vi

2.3vii

Vehicle Parts Sector
There are three products selected for case studies, representing the automotive vehicle parts sector: vehicle
engines, vehicle alternators, and vehicle starters.
The vehicle engine represented for the case study is a spark-ignition, internal combustion gasoline or diesel
vehicle engines, which are an essential part of the fuel conversion system of non-electric passenger vehicles.
A large majority of the vehicles used in United States utilize spark-ignition engines fueled with gasolineviii.
There are many different types and designs of spark-ignition engines, and the typical application is as a new
or replacement component in a passenger vehicle. Spark-ignition combustion engines come in 2 and 4-
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stroke categories, can have multiple cylinders, and are commonly referred to as ‘gasoline engines’ in North
America, and ‘petrol engines’ in the U.K.ix
Vehicle alternators are used in modern vehicles to power the electrical system and charge the battery while
the engine is running. Vehicle alternators are an essential part of the vehicles electrical system, enabling
the conversion and storage of kinetic energy created by the engine. Vehicle alternators are relatively
‘standard’ in design and are among the most commonly remanufactured vehicle components.x
The electric starter motor is an essential sub-component of the vehicle engine that provides the initial charge
to engage and ignite the vehicle engine, initiated with the ignition key when the vehicle is ‘turned-on’.
Vehicle starters, also called vehicle crankshafts, are an essential part of the vehicle’s electrical system,
responsible for ignition of the spark-ignition internal combustion engine. Alongside vehicle alternators,
starters accounted for 92% of revenues in the North American alternators and starters aftermarket in 2005;
while this share declined over subsequent years, the remanufacturing of these parts is a dominant process
in this industry. x
Spark-ignition internal combustion gasoline and diesel vehicle engines represent the vast majority of
available vehicle technology options in scenarios markets, as described in Table A-2, with the remainder
of the market consisting of electric, hybrid-electric and plug-in hybrid vehicle technologies. As the vehicle
alternator and starter are sub-components of the spark-ignition internal combustion vehicle engine, these
market shares are assumed for each automotive vehicle part product case study.

Table A - 2: Estimated 2013 market share of internal combusions vehicle engines

Est. 2013 Market Share of
Vehicles Using Spark-Ignition
Internal Combustion Engines

Economy A
(USA)

Economy B
(Germany)

Economy C
(Brazil)

Economy D
(China)

99.4%xi

98.5%xii

99.8%xiii

99.9%xiv

Heavy-Duty & Off-Road (HDOR) Equipment Parts Sector
There are three products selected for case studies, representing the HDOR equipment parts sector: HDOR
engines, HDOR alternators, and HDOR turbochargers. Specifically, case studies investigate these products
in the category of construction and earth-moving equipment (excludes agricultural applications).
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According to the U.S. International Trade Commission (USITC)

xv

and European Remanufacturing

xvi

Network (ERN) , the HDOR segment is typically divided into several industries that include construction
equipment (back-hoes, excavators), mining equipment (rock-trucks), and agricultural equipment
(combines, tractors). The HDOR engine represented for the case study is 3,400 horsepower, electronic unit
injection, turbocharged four-stroke diesel engine, with a tandem unit consisting of two 12-cylinder engine
blocks. xvii
HDOR alternators are used to power the electrical system and charge the battery while the engine is running.
Alternators are an essential part of the electrical system, enabling the conversion and storage of kinetic
energy created by the engine. Alternators are relatively ‘standard’ in design and are among the most
commonly remanufactured vehicle components.xviii
The turbocharger is a forced-induction device that compresses air and oxygen for delivery into the
combustion chamber of the engine. Turbochargers are credited with increasing the volumetric efficiency of
the engine, enabling greater power and fuel efficiency, and hence they are both ideal for the extreme
conditions inside HDOR diesel-combustion engines. xix
HDOR diesel combustion engines represent the vast majority of available HDOR technology options in
scenarios markets, as described in Table A-3. As the alternator and turbocharger are sub-components of the
spark-ignition internal combustion vehicle engine, these market shares are assumed for each HDOR part
product case study.
Table A - 3: Estimated 2013 market size for HDOR equipment parts

Est. 2013 Market Size of HDOR
Construction
&
Mining
Equipment (USD)

Economy A
(USA)

Economy B
(Germany)

Economy C
(Brazil)

Economy D
(China)

36.7Bxx

11.5Bxxi

48.0Bxxii

59.6Bxxiii

327

References
Abbey, J. D., M. G. Meloy, V. D. R. Guide, and S. Atalay. 2015. "Remanufactured Products in ClosedLoop Supply Chains for Consumer Goods." Production and Operations Management 24 (3):X-X.
Abbey, James D, Joseph D Blackburn, and V Daniel R Guide. 2015. "Optimal Pricing for New and
Remanufactured Products." Journal of Operations Management 36:130-146.
Abbey, James D, and V Daniel R Guide Jr. 2017. "Closed-loop supply chains: a strategic overview." In
Sustainable Supply Chains, 375-393. Springer.
Agrawal, Vishal V, Atalay Atasu, and Koert Van Ittersum. 2015. "Remanufacturing, third-party
competition, and consumers' perceived value of new products." Management Science 61 (1):6072.
Agrawal, Vishal V, Atalay Atasu, and Sezer Ülkü. 2016. "Modular upgradability in consumer electronics:
Economic and environmental implications." Journal of Industrial Ecology 20 (5):1018-1024.
Agrawal, Vishal V, and Sezer Ülkü. 2012. "The role of modular upgradability as a green design strategy."
Manufacturing & Service Operations Management 15 (4):640-648.
Allen, Tim, and Alan Thomas. 2000. Poverty and Development in the 21st Century: Oxford.
Allwood, Julian M. 2014. "Squaring the circular economy: The role of recycling within a hierarchy of
material management strategies." In Handbook of recycling, 445-477. Elsevier.
Anderson, David M. 2004. Design for manufacturability & concurrent engineering: how to design for low
cost, design in high quality, design for lean manufacture, and design quickly for fast production:
CIM press.
Arundel, Anthony, and René Kemp. 2009. "Measuring eco-innovation." UNU-MERIT Working Paper
series 017.
Ashford, N. 1993. "Understanding Technological Responses of Industrial Firms to Environmental
Problems: Implications for Government Policy." In Environmental Strategies for Industry:
International Perspectives on Research Needs and Policy Implications, edited by K. Fischer and J.
Schot, 277-307. Washington, DC: Island Press.
Atasu, Atalay, V Daniel R Guide Jr, and Luk N Van Wassenhove. 2010. "So what if remanufacturing
cannibalizes my new product sales." California Management Review 52 (2):56-76.
Atasu, Atalay, Miklos Sarvary, and Luk N Van Wassenhove. 2008. "Remanufacturing as a marketing
strategy." Management Science 54 (10):1731-1746.
Baker, Jonathan. 2006. Method for generating pay-per-page pricing data for managed printer services.
Google Patents.

328

Bao, Yeqing, Kevin Zheng Zhou, and Chenting Su. 2003. "Face consciousness and risk aversion: do they
affect consumer decision‐making?" Psychology & Marketing 20 (8):733-755.
Bartlett, J. 2009. "Survey shows that consumers are holding off on buying a new car." Consumer Reports
News.
Bass, Frank M. 1969. "A new product growth for model consumer durables." Management science 15
(5):215-227.
Bell, Martin, and Michael Albu. 1999. "Knowledge systems and technological dynamism in industrial
clusters in developing countries." World development 27 (9):1715-1734.
Berkhout, Peter HG, Jos C Muskens, and Jan W Velthuijsen. 2000. "Defining the rebound effect." Energy
policy 28 (6-7):425-432.
Bertrand, J. 1883. "Revue de la Theorie Mathématique de la Richesse Sociate et des Recherches sure les
Principles Mathématiques de ta Theorie des Richesses." Journal des Savants 67:499-508.
Beuren, F. H., M. G. G. Ferreira, and P. A. C. Miguel. 2013. "Product-service systems: a literature review
on integrated products and services."

Journal of Cleaner Production 47:222-231. doi:

10.1016/j.jclepro2012.12.028.
Bittar, Alexandre de Vicente. 2017. "Factors Influencing the Purchase of Remanufactured Products."
Simpósio de Administração da Produção, Logística e Operações Internacionais, Sao Paulo.
Blau, Peter M, Danching Ruan, and Monika Ardelt. 1991. "Interpersonal choice and networks in China."
Social Forces 69 (4):1037-1062.
Blumstein, Carl, Seymour Goldstone, and Loren Lutzenhiser. 2000. "A theory-based approach to market
transformation." Energy Policy 28 (2):137-144.
Bocken, Nancy MP, Ingrid de Pauw, Conny Bakker, and Bram van der Grinten. 2016. "Product design and
business model strategies for a circular economy."

Journal of Industrial and Production

Engineering 33 (5):308-320.
Boehm, Matthias, and Oliver Thomas. 2013. "Looking beyond the rim of one's teacup: a multidisciplinary
literature review of Product-Service Systems in Information Systems, Business Management, and
Engineering & Design." Journal of Cleaner Production 51:245-260.
Bogue, Robert. 2007. "Design for disassembly: a critical twenty-first century discipline." Assembly
Automation 27 (4):285-289.
Boothroyd, G, and L Alting. 1992. "Design for assembly and disassembly." CIRP Annals-Manufacturing
Technology 41 (2):625-636.
Borenstein, Severin. 2013. A microeconomic framework for evaluating energy efficiency rebound and
some implications. National Bureau of Economic Research.

329

Bourguignon, D. 2016. "Closing the Loop-New Circular Economy Package (Briefing No. PE 573.899)."
European Commission, European Parliamentary Research Service (EPRS).
Bras, Bert. 2007. Design for remanufacturing processes: Wiley, Hoboken, NJ.
Bras, Bert. 2010. Product design issues: Auerbach Publications.
Bras, Bert, and Rick Hammond. 1996. "Towards design for remanufacturing: metrics for assessing
remanufacturing." Proceedings of the 1st International Workshop on Reuse, in: SD Flapper, AJ de
Ron (Eds.
Brent, Alan C, and Rolf Steinhilper. 2004. "Opportunities for remanufactured electronic products from
developing countries: hypotheses to characterise the perspectives of a global remanufacturing
industry." AFRICON, 2004. 7th AFRICON Conference in Africa.
Brown, Brian, Christina Sichtmann, and Michael Musante. 2011. "A model of product-to-service brand
extension success factors in B2B buying contexts." Journal of Business & Industrial Marketing 26
(3):202-210.
Brucks, Merrie, Valarie A Zeithaml, and Gillian Naylor. 2000. "Price and brand name as indicators of
quality dimensions for consumer durables." Journal of the academy of marketing science 28
(3):359-374.
Bruntland, Gro H. 1987. "Our common future: Report of the World Commission on Environment and
Development." World Commission on Environment and Development.
Calleja, Ignacio, and Luis Delgado. 2008. "European environmental technologies action plan (ETAP)."
Journal of Cleaner Production 16 (1):S181-S183.
Caporale, Guglielmo Maria, Christophe Rault, Anamaria Sova, and Robert Sova. 2009. "On the Bilateral
Trade Effects of Free Trade Agreements between the EU-15 and the CEEC-4 Countries." Review
of World Economics / Weltwirtschaftliches Archiv 145 (2):189-206. doi: 10.1007/s10290-0090011-8.
Carrigan, Marylyn, and Ahmad Attalla. 2001. "The myth of the ethical consumer-do ethics matter in
purchase behaviour?" Journal of consumer marketing 18 (7):560-578.
Carrington, Michal J, Benjamin A Neville, and Gregory J Whitwell. 2010. "Why ethical consumers don’t
walk their talk: Towards a framework for understanding the gap between the ethical purchase
intentions and actual buying behaviour of ethically minded consumers." Journal of Business Ethics
97 (1):139-158.
Center for Social Innovation. 2018. "Defining Social Innovation."

330

Center of Excellence in Advanced & Sustainable Manufacturing. 2016. Comparison of a Remanufactured
Steelcase Avenir Office System at Davies Office, Inc. to an OEM Office System. edited by COEASM. Rochester: Rochester Institute of Technology.
Ceschin, Fabrizio. 2013. "Critical factors for implementing and diffusing sustainable product-Service
systems: insights from innovation studies and companies' experiences." Journal of Cleaner
Production 45:74-88.
Charter, Martin, and Casper Gray. 2008. "Remanufacturing and product design." International Journal of
Product Development 6 (3-4):375-392.
Chen, Tan Booi, and Lau Teck Chai. 2010. "Attitude towards the environment and green products:
consumers' perspective." Management science and engineering 4 (2):27.
Cheyns, Emmanuelle. 2011. "Multi-stakeholder initiatives for sustainable agriculture: limits of the
‘inclusiveness’ paradigm." Governing through standards: Origins, drivers and limitations:210235.
CIA. 2015. "Brazil." www.cia.gov/library/publications/the-world-factbook/field/2048.html.
Circular Ecology. 2017. "Embodied Energy and Carbon: The ICE Database." accessed Feb 2017.
www.circularecology.com.
Commoner, Barry. 2014. The closing circle: nature, man, and technology: Knopf.
Conference of the Parties to the Basel Convention on the Control of Transboundary Movements of
Hazardous Wastes and Their Disposal. 2014. Technical guidelines on transboundary movements
of electrical and electronic waste and used electrical and electronic equipment, in particular
regarding the distinction between waste and non-waste under the Basel Convention. Geneva.
Conference of the Parties to the Basel Convention on the Control of Transboundary Movements of
Hazardous Wastes and Their Disposal. 2017. Technical guidelines on transboundary movements
of electrical and electronic waste and used electrical and electronic equipment, in particular
regarding the distinction between waste and non-waste under the Basel Convention, Appendix 2:
Glossary of Terms. edited by COP 13: United Nations Environment Programme.
Cooper, Daniel R, and Timothy G Gutowski. 2017. "The environmental impacts of reuse: a review."
Journal of Industrial Ecology 21 (1):38-56.
Cooper, Samuel JG, Jannik Giesekam, Geoffrey P Hammond, Jonathan B Norman, Anne Owen, John G
Rogers, and Kate Scott. 2017. "Thermodynamic insights and assessment of the ‘circular
economy’." Journal of Cleaner Production 162:1356-1367.
Cooper, Tim. 1994. "Beyond recycling: the longer life option."

331

Cranston, Gemma R, and Geoffrey P Hammond. 2012. "Carbon footprints in a bipolar, climate-constrained
world." Ecological Indicators 16:91-99.
Cranston, GR, and GP Hammond. 2010. "North and south: regional footprints on the transition pathway
towards a low carbon, global economy." Applied Energy 87 (9):2945-2951.
de Jesus, Ana, and Sandro Mendonça. 2018. "Lost in Transition? Drivers and Barriers in the Eco-innovation
Road to the Circular Economy." Ecological Economics 145:75-89.
Debo, Laurens G., L. Beril Toktay, and Luk N. Van Wassenhove. 2005. "Market Segmentation and Product
Technology Selection for Remanufacturable Products." Management Science 51 (8):1193-1205.
doi: 10.1287/mnsc.1050.0369.
Debo, Laurens G., L. Beril Toktay, and Luk N. Van Wassenhove. 2006. "Joint Life‐Cycle Dynamics of
New and Remanufactured Products." Production and Operations Management 15 (4):498-513.
doi: 10.1111/j.1937-5956.2006.tb00159.x.
del Rio Gonzalez, Pablo. 2004. "Public policy and clean technology promotion. The synergy between
environmental economics and evolutionary economics of technological change." International
Journal of Sustainable Development 7 (2):200-216.
del Río González, Pablo. 2005. "Analysing the factors influencing clean technology adoption: a study of
the Spanish pulp and paper industry." Business strategy and the environment 14 (1):20-37.
del Río González, Pablo. 2009. "The empirical analysis of the determinants for environmental technological
change: A research agenda." Ecological Economics 68 (3):861-878.
Del Río, Pablo, Javier Carrillo‐Hermosilla, and Totti Könnölä. 2010. "Policy strategies to promote Eco‐
innovation." Journal of Industrial Ecology 14 (4):541-557.
den Hollander, Marcel C, Conny A Bakker, and Erik Jan Hultink. 2017. "Product design in a circular
economy: Development of a typology of key concepts and terms." Journal of Industrial Ecology
21 (3):517-525.
Devoldere, Tom, Barbara Willems, Joost R Duflou, and Wim Dewulf. 2009. "The eco-efficiency of reuse
centres critically explored–the washing machine case." International Journal of Sustainable
Manufacturing 1 (3):265-285.
Dietz, B.A. 2005. Life Cycle Assessment of Office Furniture Products. In Master of Science. Ann Arbor:
University of Michigan.
Dimoka, Angelika, Yili Hong, and Paul A Pavlou. 2011. "On product uncertainty in online markets: Theory
and evidence."
Djama, Marcel, Eve Fouilleux, and Isabelle Vagneron. 2011. "Standard-setting, certifying and
benchmarking: A governmentality approach to sustainability standards in the agro-food sector."

332

Dodds, William B, and Kent B Monroe. 1985. "The effect of brand and price information on subjective
product evaluations." ACR North American Advances.
Ecoinvent 3.3. 2016. Market group for electricity, medium voltage for period 2015-01-01 to 2016-12-31
using IPCC 2013 method. In Ecoinvent 3.3, edited by ecoinvent Center.
Economides, Nicholas. 1996. "Network externalities, complementarities, and invitations to enter."
European Journal of Political Economy 12 (2):211-233.
Ehrenfeld, John R. 2005. "The roots of sustainability." MIT Sloan Management Review 46 (2):23.
Eisenhardt, Kathleen M. 1989. "Agency theory: An assessment and review." Academy of management
review 14 (1):57-74.
Elkington, J. 1997. Cannibals with Forks, the Triple Bottom Line of 21 Century Business. Capstone.
Oxford.
Ellen MacArthur Foundation. 2013a. "The Circular Economy Applied to the Automotive Industry."
accessed

12-Dec.

https://www.ellenmacarthurfoundation.org/circular-economy/interactive-

diagram/the-circular-economy-applied-to-the-automotive-industry.
Ellen MacArthur Foundation. 2013b. "Towards the Circular Economy, Economic and Business Rationale
for an Accelerated Transition." Ellen MacArthur Foundation: Cowes, UK.
Ellen MacArthur Foundation. 2016. "Circular Economy at Work in Google Data Centres." accessed 12Dec.

https://www.ellenmacarthurfoundation.org/case-studies/circular-economy-at-work-in-

google-data-centers.
Ellsberg, Daniel. 1961. "Risk, ambiguity, and the Savage axioms."

The quarterly journal of

economics:643-669.
Elshkaki, A., and T. E. Graedel. 2013. "Dynamic analysis of the global metals flows and stocks in electricity
generation technologies."

JOURNAL OF CLEANER PRODUCTION 59:260-273. doi:

10.1016/j.jclepro.2013.07.003.
European Academies Science Advisory Council. 2016. Indicators for a Circular Economy.
European Commission. 2000. "Directive 2000/53/EC of the European Parliament and of the Council of 18
September 2000 on End-of Life Vehicles." Official Journal of the European Union, Article 7.
European Commission. 2004. Stimulating Technologies for Sustainable Development: An Environmental
Technologies Action Plan for the European Union. Brussels: COM(2004)38 Final.
European Commission. 2006. Decision N° 1639/2006/EC of the European Parliament and of the Council
of 24
October 2006 establishing a Competitiveness and Innovation Framework
Programme (2007 to 2013) (CIP). (See Recital N°25). Geneva.

333

European Commission. 2008. "Directive 2008/98/EC of the European Parliament and of the Council of 19
November 2008 on waste." Official Journal of the European Union L 312 (13):22.11.
European Commission. 2012. Guidance on the Interpretation of Key Provisions of Directive 2008/98/EC
on Waste. edited by Directorate-General Environment.
European Remanufacturing Network. 2015. Remanufacturing Market Study. European Commission.
Fan-Chen, Tseng, Ching-I Teng, and David M Chiang. 2007. "Delivering superior customer perceived
value in the context of network effects." International Journal of E-Business Research 3 (1):41.
Fehske, Albrecht, Gerhard Fettweis, Jens Malmodin, and Gergely Biczok. 2011. "The global footprint of
mobile communications: The ecological and economic perspective."

IEEE Communications

Magazine 49 (8).
Follows, Scott B, and David Jobber. 2000. "Environmentally responsible purchase behaviour: a test of a
consumer model." European journal of Marketing 34 (5/6):723-746.
Four Elements Consulting LLC. 2008. LaserJet Cartridge Life Cycle Environmental Impact Comparison
Refresh Study.
Garvin, David. 1987. "Competing on the eight dimensions of quality." Harv. Bus. Rev.:101-109.
Geissdoerfer, Martin, Paulo Savaget, Nancy MP Bocken, and Erik Jan Hultink. 2017. "The Circular
Economy–A new sustainability paradigm?" Journal of Cleaner Production 143:757-768.
Geistfeld, Loren V. 1982. "The Price‐Quality Relationship—Revisited." Journal of Consumer Affairs 16
(2):334-346.
Geng, Yong, Fujita Tsuyoshi, and Xudong Chen. 2010. "Evaluation of innovative municipal solid waste
management through urban symbiosis: a case study of Kawasaki." Journal of Cleaner Production
18 (10-11):993-1000.
Gerstner, Eitan. 1985. "Do higher prices signal higher quality?" Journal of marketing research:209-215.
Geyer, Roland, and Vered Doctori Blass. 2010. "The economics of cell phone reuse and recycling." The
International Journal of Advanced Manufacturing Technology 47 (5-8):515-525.
Gharfalkar, Mangesh, Zulfiqur Ali, and Graham Hillier. 2016. "Clarifying the disagreements on various
reuse options: Repair, recondition, refurbish and remanufacture."

Waste Management &

Research:0734242X16628981.
Ghisellini, Patrizia, Catia Cialani, and Sergio Ulgiati. 2016. "A review on circular economy: the expected
transition to a balanced interplay of environmental and economic systems." Journal of Cleaner
Production 114:11-32.
Ghosh, Pallabi, Debanjana Dasgupta, and Debalina Ghosh. 1990. "Retail management."

334

Gogoi, Bidyut Jyoti. 2013. "Study of antecedents of purchase intention and its effect on brand loyalty of
private label brand of apparel." International Journal of Sales & Marketing Management Research
and Development (IJSMMRD) 3 (2):75-86.
Graedel, TE, and BR Allenby. 1995. "Industrial Ecology." Prentice Hall, Englewood Cliffs, New Jersey.
Green, Ken, and K Randles. 2006. "At the interface of innovation studies and industrial ecology." Industrial
ecology and spaces of innovation:3-27.
Greening, Lorna A, David L Greene, and Carmen Difiglio. 2000. "Energy efficiency and consumption—
the rebound effect—a survey." Energy policy 28 (6-7):389-401.
Guide Jr, V Daniel R, and Luk N Van Wassenhove. 2009. "OR FORUM—The evolution of closed-loop
supply chain research." Operations research 57 (1):10-18.
Guide, V. D. R., and J. Y. Li. 2010. "The Potential for Cannibalization of New Products Sales by
Remanufactured Products." Decision Sciences 41 (3):547-572.
Gutowski, Timothy G, Sahil Sahni, Avid Boustani, and Stephen C Graves. 2011. "Remanufacturing and
energy savings." Environmental Science & Technology 45 (10):4540-4547.
Hammond, G, and C Jones. 2011. Inventory of Carbon and Energy (ICE). Version 2.0. edited by Sustainable
Energy Research Team. Department of Mechanical Engineering, University of Bath.
Hammond, Geoffrey P. 2006. "‘People, planet and prosperity’: The determinants of humanity's
environmental footprint." Natural Resources Forum.
Hamzaoui Essoussi, Leila, and Jonathan D. Linton. 2010. "New or recycled products: How much are
consumers willing to pay?"

Journal of Consumer Marketing 27 (5):458-468. doi:

10.1108/07363761011063358.
Hamzaoui, Leila, and Jonathan Linton. 2013. "Brand Name Effect on Consumers’ Willingness-To-Pay For
New Versus Recycled Or Remanufactured Products." ACR European Advances.
Hamzaoui-Essoussi, Leila, and Jonathan D Linton. 2014a. "Offering branded remanufactured/recycled
products: at what price?" Journal of Remanufacturing 4 (1):9.
Hamzaoui-Essoussi, Leila, and Jonathan D. Linton. 2014b. "Offering branded remanufactured/recycled
products: at what price?" Journal of Remanufacturing 4 (1):1-15. doi: 10.1186/s13243-014-00099.
Hardin, W., and M. Stone. 2012. "Remanufacturing of Electrical Equipment vs. Reconditioning or
Rebuilding of Electrical Equipment." Professional Electronic Apparatus Recyclers League.
http://www.pearl1.org/PEARL-News/remanufacturing-reconditioning-electrical-equipment.htm.

335

Harms, Rainer, and Jonathan D Linton. 2016. "Willingness to Pay for Eco‐Certified Refurbished Products:
The Effects of Environmental Attitudes and Knowledge." Journal of industrial ecology 20 (4):893904.
Hauser, William, and Robert T Lund. 2003. "Remanufacturing: An american resource." Presentation
available at http://www. bu. edu/reman/RemanSlides. pdf, Boston University, Boston, MA.
Hauser, William M., and Robert T. Lund. 2008. Remanufacturing: operating practices and strategies:
perspectives on the management of remanufacturing businesses in the United States. Boston:
Department of Manufacturing Engineering, Boston University.
Hazen, Benjamin T, Christopher A Boone, Yacan Wang, and Kuan Siew Khor. 2017. "Perceived quality
of remanufactured products: construct and measure development." Journal of Cleaner Production
142:716-726.
Hazen, Benjamin T., Robert E. Overstreet, L. Allison Jones-Farmer, and Hubert S. Field. 2012. "The role
of ambiguity tolerance in consumer perception of remanufactured products." International Journal
of Production Economics 135 (2):781-790. doi: http://dx.doi.org/10.1016/j.ijpe.2011.10.011.
Heaton, George R, and R Darryl Banks. 1997. "Toward a new generation of environmental technology:
The need for legislative reform." Journal of Industrial Ecology 1 (2):23-32.
Hertwich, Edgar G. 2005. "Consumption and the rebound effect: An industrial ecology perspective."
Journal of industrial ecology 9 (1‐2):85-98.
Hofstede, Geert. 1980. "Culture and organizations." International Studies of Management & Organization
10 (4):15-41.
Hofstede, Geert. 1991. "Empirical models of cultural differences."
Hofstede, Geert. 2011. "Dimensionalizing cultures: The Hofstede model in context." Online readings in
psychology and culture 2 (1):8.
Holme, Petter, and Mark EJ Newman. 2006. "Nonequilibrium phase transition in the coevolution of
networks and opinions." Physical Review E 74 (5):056108.
Hopkinson, P., and D. Spicer. 2013. "Remanufacturing: A Proven Business Model for the Circular
Economy." In A New Dynamic: Effective Business in A Circular Economy, edited by K. Webster,
J. Bleriot and C. Johnson. Ellen MacArthur Foundation Publishing.
Hout, Thomas, and David Michael. 2014. "A Chinese Approach to Management." Harvard Business
Review.
Huthwaite, Bart. 1988. "Designing in quality." Quality 27 (11):34.
IDC. 2016. IDC worldwide quarterly mobile phone tracker.

336

Ijomah, Winifred L. 2009. "Addressing decision making for remanufacturing operations and design-forremanufacture." International Journal of Sustainable Engineering 2 (2):91-102.
International Imaging Technology Council. 2006. The Toner and InkJet Cartridge Remanufacturing
Industry.
International Resource Panel. 2017. "Decoupling Natural Resource use and Environmental Impacts from
Economic

Growth."

https://sustainabledevelopment.un.org/index.php?page=view&type=400&nr=151&menu=1515.
Jacoby, Jacob, Jerry C Olson, and Rafael A Haddock. 1971. "Price, brand name, and product composition
characteristics as determinants of perceived quality." Journal of Applied Psychology 55 (6):570.
Jansson, Johan, Agneta Marell, and Annika Nordlund. 2010. "Green consumer behavior: determinants of
curtailment and eco-innovation adoption." Journal of consumer marketing 27 (4):358-370.
Jiménez-Parra, Beatriz, Sergio Rubio, and María-Azucena Vicente-Molina. 2014. "Key drivers in the
behavior of potential consumers of remanufactured products: a study on laptops in Spain." Journal
of Cleaner Production 85 (0):488-496. doi: http://dx.doi.org/10.1016/j.jclepro.2014.05.047.
Johansen, Deborah. 1998. "Interface, Inc.: Taking the lead toward sustainability."

Corporate

Environmental Strategy 5 (3):53-59.
Johnston, Bruce F, and Peter Kilby. 1975. "Agriculture and structural transformation; economic strategies
in late-developing countries." Agriculture and structural transformation; economic strategies in
late-developing countries.
Joynt, Pat, and Malcolm Warner. 1996. "Introduction: Cross-cultural perspectives." Managing across
cultures: issues and perspectives:3-6.
Jänicke, Martin, Jürgen Blazejczak, Dietmar Edler, and Jens Hemmelskamp. 2000. "Environmental policy
and innovation: an international comparison of policy frameworks and innovation effects." In
Innovation-oriented environmental regulation, 125-152. Springer.
Kahneman, Daniel, and Amos Tversky. 1979. "Prospect theory: An analysis of decision under risk."
Econometrica: Journal of the econometric society:263-291.
Karakaya, Emrah, Antonio Hidalgo, and Cali Nuur. 2014. "Diffusion of eco-innovations: A review."
Renewable and Sustainable Energy Reviews 33:392-399.
Katz, Michael L, and Carl Shapiro. 1985. "Network externalities, competition, and compatibility." The
American economic review 75 (3):424-440.
Keating, KM, David B Goldstein, Tom Eckman, and Peter Miller. 1998. Wheat, chaff and conflicting
definitions in market transformation. Bonneville Power Administration, Portland, OR (US).

337

Kemna, Rene, MV Elburg, William Li, and RV Holsteijn. 2005. "Methodology study eco-design of energyusing products." Final Report. MEEUP Methodology Report. European Commission DG ENTR.
VHK, Delft.
Kemp, René. 2000. "Technology and Environmental Policy—Innovation effects of past policies and
suggestions for improvement." Innovation and the Environment:35-61.
Keoleian, GA, and D Menery. 1993. "EPA Life Cycle Design Guidance Manual (Environmental
Requirements and the Product System), National Pollution Prevention Centre, University of
Michigan, Michigan." Google Scholar.
Kim, Hyung-Ju, Vineet Raichur, and Steven J Skerlos. 2008. "Economic and environmental assessment of
automotive remanufacturing: alternator case study." Proceedings of the 2008 International
Manufacturing Science and Engineering Conference.
Kim, Hyung‐Ju, Colin McMillan, Gregory A Keoleian, and Steven J Skerlos. 2010. "Greenhouse Gas
emissions payback for lightweighted vehicles using aluminum and high‐strength steel." Journal of
Industrial Ecology 14 (6):929-946.
Kimura, Daichi, and Yoshinori Hayakawa. 2008. "Coevolutionary networks with homophily and
heterophily." Physical Review E 78 (1):016103.
King, AM, and SC Burgess. 2005. "The development of a remanufacturing platform design: a strategic
response to the Directive on Waste Electrical and Electronic Equipment." Proceedings of the
Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture 219 (8):623631.
King, Andrew M, Stuart C Burgess, Winnie Ijomah, and Chris A McMahon. 2006. "Reducing waste: repair,
recondition, remanufacture or recycle?" Sustainable Development 14 (4):257-267.
Kirmani, Amna, and Akshay R Rao. 2000. "No pain, no gain: A critical review of the literature on signaling
unobservable product quality." Journal of marketing 64 (2):66-79.
Klein, Janice Anne. 1993. The American edge: leveraging manufacturing's hidden assets: McGraw-Hill
Companies.
Krystofik, Mark, Callie W Babbitt, and Gabrielle Gaustad. 2014. "When consumer behavior dictates life
cycle performance beyond the use phase: case study of inkjet cartridge end-of-life management."
The International Journal of Life Cycle Assessment 19 (5):1129-1145.
Krystofik, Mark, Allen Luccitti, Kyle Parnell, and Michael Thurston. 2017. "Adaptive remanufacturing for
multiple lifecycles: A case study in office furniture." Resources, Conservation and Recycling.
Kunkle, Rick, and Loren Lutzenhiser. 1998. The evolution of market transformation in the energy
efficiency industry. Washington State Univ. Energy Program, Olympia, WA (US).

338

Kushler, Martin, Jeff Schlegel, and Ralph Prahl. 1996. "A Tale of Two States: A Case Study Analysis of
the Effects of Market Transformation." Proceedings of the 1996 ACEEE Summer Study on Energy
Efficiency in Buildings.
Lardy,

Nicholas.

"Manufacturing

Employment

in

China."

accessed

21-Mar-2017.

https://piie.com/blogs/realtime-economic-issues-watch/manufacturing-employment-china.
Levinson, Marc. 2013. "US Manufacturing in International Perspective."
Lewis, Anne Marie, Jarod C Kelly, and Gregory A Keoleian. 2014. "Vehicle lightweighting vs.
electrification: life cycle energy and GHG emissions results for diverse powertrain vehicles."
Applied Energy 126:13-20.
Li, Yi, Deyi Xue, and Peihua Gu. 2008. "Design for product adaptability." Concurrent Engineering 16
(3):221-232.
Lichtenstein, Donald R, and Scot Burton. 1989. "The relationship between perceived and objective pricequality." Journal of marketing research:429-443.
Lichtenstein, Donald R, Scot Burton, and Bradley S O'Hara. 1989. "Marketplace attributions and consumer
evaluations of discount claims." Psychology & Marketing 6 (3):163-180.
Lifset, Reid. 2000. "Moving from products to services." Journal of Industrial Ecology 4 (1):1-2.
Lin, Yuan-Hsu, and Ming-Lang Tseng. 2016. "Assessing the competitive priorities within sustainable
supply chain management under uncertainty." Journal of Cleaner Production 112:2133-2144.
Liu, WeiWei, Bin Zhang, Ming Zheng Li, Yanzeng Li, and Hong-Chao Zhang. 2013. "Study on
remanufacturing cleaning technology in mechanical equipment remanufacturing process." In Reengineering Manufacturing for Sustainability, 643-648. Springer.
Lund, Robert T, and William M Hauser. 2010. "Remanufacturing-an American perspective."
Machiba, Tomoo. 2010. "Eco-innovation for enabling resource efficiency and green growth: development
of an analytical framework and preliminary analysis of industry and policy practices."
International Economics and Economic Policy 7 (2):357-370. doi: 10.1007/s10368-010-0171-y.
Mahajan, Vijay, Eitan Muller, and Frank M Bass. 1995. "Diffusion of new products: Empirical
generalizations and managerial uses." Marketing Science 14 (3_supplement):G79-G88.
Martens, Claus-Peter. 1998. "German End-of-Life Vehicles Ordinance (Altauto-Verordnung), The." Eur.
Envtl. L. Rev. 7:238.
Marx, Axel, and Dieter Cuypers. 2010. "Forest certification as a global environmental governance tool:
What is the macro‐effectiveness of the Forest Stewardship Council?" Regulation & Governance 4
(4):408-434.

339

Matsumoto, M., N. Nakamura, and T. Takenaka. 2010. "Business Constraints in Reuse Services."
Technology and Society Magazine, IEEE 29 (3):55-63. doi: 10.1109/MTS.2010.938104.
Matsumoto, Mitsutaka, Kenichiro Chinen, and Hideki Endo. 2017. "Comparison of US and Japanese
Consumers’ Perceptions of Remanufactured Auto Parts." Journal of Industrial Ecology 21 (4):966979.
McCollough, John. 2010. "Consumer discount rates and the decision to repair or replace a durable product:
a sustainable consumption issue." Journal of Economic Issues 44 (1):183-204.
McDonough, William, and Michael Braungart. 2010. Cradle to cradle: Remaking the way we make things:
North point press.
McDougall, Gordon HG. 1993. "The green movement in Canada: Implications for marketing strategy."
Journal of International Consumer Marketing 5 (3):69-87.
McMillan, Colin A, Steven J Skerlos, and Gregory A Keoleian. 2012. "Evaluation of the metals industry's
position on recycling and its implications for environmental emissions." Journal of Industrial
Ecology 16 (3):324-333.
McPherson, Miller, Lynn Smith-Lovin, and James M Cook. 2001. "Birds of a feather: Homophily in social
networks." Annual review of sociology 27 (1):415-444.
Michaud, Céline, and Daniel Llerena. 2011. "Green consumer behaviour: an experimental analysis of
willingness to pay for remanufactured products." Business Strategy and the Environment 20
(6):408-420.
Milios, Leonidas. 2016. "Policies for Resource Efficient and Effective Solutions: A review of concepts,
current policy landscape and future policy considerations for the transition to a Circular Economy."
Mirabi, Vahidreza, Hamid Akbariyeh, and Hamid Tahmasebifard. 2015. "A study of factors affecting on
customers purchase intention." Journal of Multidisciplinary Engineering Science and Technology
(JMEST) 2 (1).
Mishra, Debi Prasad, Jan B Heide, and Stanton G Cort. 1998. "Information asymmetry and levels of agency
relationships." Journal of marketing Research:277-295.
Mitra, Debanjan, and Peter N Golder. 2006. "How does objective quality affect perceived quality? Shortterm effects, long-term effects, and asymmetries." Marketing Science 25 (3):230-247.
Moberg, Åsa, Clara Borggren, Christine Ambell, Göran Finnveden, Fredrik Guldbrandsson, Anna
Bondesson, Jens Malmodin, and Pernilla Bergmark. 2014. "Simplifying a life cycle assessment of
a mobile phone." The International Journal of Life Cycle Assessment 19 (5):979-993.
Monroe, Kent B. 1990. Pricing: Making profitable decisions: McGraw-Hill Companies.

340

Monroe, Kent B, and Joseph D Chapman. 1987. "Framing effects on buyers' subjective product
evaluations." ACR North American Advances.
Mont, Oksana. 2002. "Functional thinking: the role of functional sales and product service systems for a
function-based society."
Morris, Ruby Turner, and Claire Sekulski Bronson. 1969. "The chaos of competition indicated by
Consumer Reports." The Journal of Marketing:26-34.
Motor & Equipment Remanufacturing Association. 2016. "Remanufacturing Associations Agree
on International Industry Definition." accessed 15 Sep 2016. https://www.mera.org/news/remanufacturingassociations-agree-international-industry-definition-0.
Mulgan, Geoff, Simon Tucker, Rushanara Ali, and Ben Sanders. 2007. "Social innovation: what it is, why
it matters and how it can be accelerated."
Mylan, Josephine. 2015. "Understanding the diffusion of Sustainable Product-Service Systems: Insights
from the sociology of consumption and practice theory." Journal of Cleaner Production 97:13-20.
doi: http://dx.doi.org/10.1016/j.jclepro.2014.01.065.
Nasr, N., M. Becker, M. Haselkorn, S. Jessop, B. Thorn, and M. LaRochelle. 2002. Closing the Loop:
Design Tools for Sustainable Products. Washington: EPA.
Nasr, N., A. Luccitti, K. Parnell, and B. Hilton. 2016. 2016 Remanufacturing Industry Survey Results
Report. Advanced Manufacturing Technology Consortia.
Nasr, N., and M. Thurston. 2006. "Remanufacturing: A key enabler to sustainable product systems." CIRP
International Conference on Lifecycle Engineering, Leuven.
Nasr, Nabil, Brian Hilton, Michael Haselkorn, Kyle Parnell, Victoria Brun, and Frederick Handson. 2017.
Technology Roadmap for Remanufacturing in the Circular Economy. edited by Golisano Institute
for Sustainability: Rochester Institute of Technology.
National Center for Remanufacturing and Resource Recovery. 2005. The Energy and Environmental
Benefits of Office Furniture Remanufacturing. edited by NC3R. Rochester: Rochester Institute of
Technology.
Nelson, Dennis J, KH Tiedemann, and G Derek Henriques. 1998. Ten years of market transformation
programs: From the home of Power Smart. British Columbia Hydro, Vancouver, British Columbia
(CA).
Next Manufacturing Revolution. 2014. "Remanufactured office furniture offers savings and insights."
accessed 02 Feb 2018. http://www.nextmanufacturingrevolution.org/remanufactured-officefurniture-offers-savings-and-insights/.

341

Ni, Hong-Gang, and Eddy Y Zeng. 2009. Law enforcement and global collaboration are the keys to
containing e-waste tsunami in China. ACS Publications.
Norberg-Bohm, Vicki. 2000. "Technology commercialization and environmental regulation: Lessons from
the US energy sector." In Innovation-Oriented Environmental Regulation, 193-219. Springer.
Observatory of Economic Complexity. 2015a. "Economic Complexity of Brazil." MIT Media Lab,
accessed 16 Jul. 2016. http://atlas.media.mit.edu/en/profile/country/bra/.
Observatory of Economic Complexity. 2015b. "Economic Complexity of China." MIT Media Lab,
accessed 16 Jul. 2016. http://atlas.media.mit.edu/en/profile/country/chn/.
Observatory of Economic Complexity. 2015c. "Economic Complexity of Germany." MIT Media Lab,
accessed 17 Jul. 2016. atlas.media.mit.edu/en/profile/country/deu/.
Observatory of Economic Complexity. 2015d. "Economic Complexity of the United States." MIT Media
Lab, accessed 16 Jul. 2016. atlas.media.mit.edu/en/profile/country/usa/.
OECD. 2015a. OECD Science, Technology and Industry Scoreboard 2015: OECD Publishing.
OECD. 2015b. OECD Trade Facilitation Indicators. OECD Publishing.
OECD.

2017.

"Employment

by

Activity

2014."

https://data.oecd.org/emp/employment-by-

activity.htm#indicator-chart.
OECD, and Statistical Office of the European Communities (Eurostat). 2005. Oslo Manual: Guidelines for
Collecting and Interpreting Innovation Data. OECD Publishing.
Ontario Electronic Stewardship. 2009. Revised Final (Phase 1 & 2) Waste Electrical & Electronic
Equipment Program Plan. edited by Ontario Electronic Stewardship. Toronto: Waste Diversion
Ontario.
Organisation for Economic Co-operation and Development. 2009. Eco-Innovation in Industry: Enabling
Green Growth: OECD.
Ovchinnikov, Anton. 2011. "Revenue and Cost Management for Remanufactured Products." Production
and Operations Management 20 (6):824-840. doi: 10.1111/j.1937-5956.2010.01214.x.
Ovchinnikov, Anton, Vered Blass, and Gal Raz. 2014. "Economic and environmental assessment of
remanufacturing strategies for product+ service firms." Production and Operations Management
23 (5):744-761.
Oxenfeldt, Alfred R. 1950. "Consumer knowledge: Its measurement and extent." The Review of Economics
and Statistics:300-314.
Pang, Gu, Fabrizio Casalin, Savvas Papagiannidis, Luc Muyldermans, and Ying Kei Tse. 2015. "Price
determinants for remanufactured electronic products: a case study on eBay UK." International
Journal of Production Research 53 (2):572-589.

342

Peach, H Gil, Pamela Brandis, C Eric Bonnyman, and Agenta Persson. 1996. "Market Transformation in
Manufactured Housing: A Pacific Northwest Experience." Proceedings of the 1996 ACEEE
Summer Study.
Peres, Renana, Eitan Muller, and Vijay Mahajan. 2010. "Innovation diffusion and new product growth
models: A critical review and research directions." International Journal of Research in Marketing
27 (2):91-106.
Pollock, Doug, and Remi Coulon. 1996. "Life cycle assessment: of an inkjet print cartridge." Electronics
and the Environment, 1996. ISEE-1996., Proceedings of the 1996 IEEE International Symposium
on.
Ponte, Stefano. 2014. "‘Roundtabling’sustainability: Lessons from the biofuel industry."

Geoforum

54:261-271.
Priem, Richard L. 2007. "A consumer perspective on value creation." Academy of Management Review 32
(1):219-235.
Pujari, Devashish. 2006. "Eco-innovation and new product development: understanding the influences on
market performance." Technovation 26 (1):76-85. doi: 10.1016/j.technovation.2004.07.006.
Puto, Christopher P. 1987. "The framing of buying decisions." Journal of Consumer Research 14 (3):301315.
Reid, Alasdair, and Michal Miedzinski. 2008. "Eco-innovation." Final report for sectoral innovation
watch. Europe Innova. Technopolis group.
Rennings, Klaus. 2000. "Redefining innovation — eco-innovation research and the contribution from
ecological economics."

Ecological Economics 32 (2):319-332. doi: 10.1016/S0921-

8009(99)00112-3.
Resource Conservative Manufacturing Consortium. 2017. ResCoM Shared Terminology.
Richter, Chris, Sascha Kraus, and Pasi Syrjä. 2015. "The shareconomy as a precursor for digital
entrepreneurship business models." International Journal of Entrepreneurship and Small Business
25 (1):18-35.
Rogers, Everett M. 1976. "New product adoption and diffusion." Journal of consumer Research 2 (4):290301.
Rogers, Everett M. 2003. The diffusion of innovation 5th edition. New York: Free Press.
Saelens, E. 2016. "Measuring Progress Towards Product Life Extension." UL EHS Sustainability, accessed
06 Sep 2016. http://www.ulehssustainability.com/blog/sustainability/measuring-progress-towardsproduct-life-extension/.

343

Sahni, Sahil, Avid Boustani, Timothy Gutowski, and Steven Graves. 2010. "Furniture remanufacturing and
energy savings." Sloan Management School, Massachusetts Institute of Technology, Cambridge.
Sa’ed, M Salhieh, and Ali K Kamrani. 1999. "Macro level product development using design for
modularity." Robotics and Computer-Integrated Manufacturing 15 (4):319-329.
Scaramella, Jed, Matthew Marden, John Daly, and Randy Perry. 2014. The cost of retaining aging it
infrastructure. Technical report, International Data Corporation (IDC), Framingham, MA.
Schau, Erwin M, Marzia Traverso, Annekatrin Lehmann, and Matthias Finkbeiner. 2011. "Life cycle
costing in sustainability assessment—a case study of remanufactured alternators." Sustainability 3
(11):2268-2288.
Schmidt, Charles W. 2006. "Unfair trade e-waste in Africa." Environmental Health Perspectives 114
(4):A232.
Schmidt-Bleek, Friedrich. 1993. "MIPS. A universal ecological measure?" Fresenius environmental
bulletin 2 (6):306-311.
Schouten, Greetje, and Pieter Glasbergen. 2011. "Creating legitimacy in global private governance: The
case of the Roundtable on Sustainable Palm Oil." Ecological economics 70 (11):1891-1899.
Scitovsky, Tibor. 1994. "Towards a Theory of Second‐hand Markets." Kyklos 47 (1):33-52.
Scitovszky, Tibor. 1944. "Some consequences of the habit of judging quality by price." The Review of
Economic Studies 12 (2):100-105.
Senge, Peter M. 1997. "The fifth discipline." Measuring Business Excellence 1 (3):46-51.
Shimbun, Nikkan Kogyo. 1989. Poka-yoke: Improving product quality by preventing defects: CRC Press.
Skiadas, Christos. 1985. "Two generalized rational models for forecasting innovation diffusion."
Technological Forecasting and Social Change 27 (1):39-61.
Smith, Vanessa M., and Gregory A. Keoleian. 2004. "The Value of Remanufactured Engines: Life-Cycle
Environmental and Economic Perspectives." Journal of Industrial Ecology 8 (1/2):193-221.
Sorrell, Steve, and John Dimitropoulos. 2008. "The rebound effect: Microeconomic definitions, limitations
and extensions." Ecological Economics 65 (3):636-649.
Spears, Nancy, and Surendra N Singh. 2004. "Measuring attitude toward the brand and purchase
intentions." Journal of Current Issues & Research in Advertising 26 (2):53-66.
Sproles, George B. 1977. "New evidence on price and product quality." Journal of Consumer Affairs 11
(1):63-77.
Stahel, Walter. 2010. The performance economy: Springer.
Stahel, Walter R. 1982. "The product life factor." An Inquiry into the Nature of Sustainable Societies: The
Role of the Private Sector (Series: 1982 Mitchell Prize Papers), NARC.

344

Steenkamp, Jan-Benedict EM, Frenkel ter Hofstede, and Michel Wedel. 1999. "A cross-national
investigation into the individual and national cultural antecedents of consumer innovativeness."
The Journal of Marketing:55-69.
Sterman, John D John D. 2000. Business dynamics: systems thinking and modeling for a complex world.
Sthiannopkao, Suthipong, and Ming Hung Wong. 2013. "Handling e-waste in developed and developing
countries: Initiatives, practices, and consequences." Science of the Total Environment 463:11471153.
Subramanian, R., and R. Subramanyam. 2012. "Key Factors in the Market for Remanufactured Products."
Manufacturing & Service Operations Management 14 (2):315-326. doi: 10.1287/msom.1110.0368.
Sundin, Erik, and Hui Mien Lee. 2012. "In what way is remanufacturing good for the environment?" In
Design for Innovative Value Towards a Sustainable Society, 552-557. Springer.
Suozzo, Margaret, and Steven Nadel. 1996. "What have we learned from early market transformation
efforts?".
Tan, Adrian Ronald. 2010. Service-oriented product development strategies: Product/Service-Systems
(PSS) development: DTU Management.
Tarnanidis, Theodore, Nana Owusu-Frimpong, Sonny Nwankwo, and Maktoba Omar. 2015. "Why we buy?
Modeling consumer selection of referents." Journal of Retailing and Consumer Services 22
(Complete):24-36. doi: 10.1016/j.jretconser.2014.09.004.
Technavio Research. 2016. Growing Demand for Customization of Office Furniture to Drive the Recycled
Office Furniture Market in the US Until 2020. London: Business Wire.
Thaler, Richard H, and Cass R Sunstein. 1999. Nudge: Improving decisions about health, wealth, and
happiness: HeinOnline.
Thomas, Valerie M. 2003. "Demand and dematerialization impacts of second‐hand markets." Journal of
Industrial Ecology 7 (2):65-78.
Triebwester, U, and J Wackerbauer. 2004. "Integrated environmental innovation in the German automotive
Industry: Policy drivers and consequences for competitiveness." Unpublished manuscript.
Tukker, Arnold. 2004. "Eight types of product–service system: eight ways to sustainability? Experiences
from SusProNet." Business strategy and the environment 13 (4):246-260.
Tukker, Arnold. 2015a. "Product services for a resource-efficient and circular economy – a review."
Journal of Cleaner Production 97 (0):76-91. doi: http://dx.doi.org/10.1016/j.jclepro.2013.11.049.
Tukker, Arnold. 2015b. "Product services for a resource-efficient and circular economy–a review." Journal
of cleaner production 97:76-91.

345

Tukker, Arnold, and Ursula Tischner. 2006. "Product-services as a research field: past, present and future.
Reflections from a decade of research." Journal of cleaner production 14 (17):1552-1556.
U.S. Department of Labor. 2015. Employment in Manufacturing Jobs. edited by Bureau of Labor Statistics.
U.S. Department of Transportation Federal Highway Administration. 2016. "Average Annual Miles per
Driver by Age Group." accessed 07-Sep-17. https://www.fhwa.dot.gov/ohim/onh00/bar8.htm.
U.S. International Trade Commission. 2009. Multi-Function Products: Industry & Trade Summary.
U.S. International Trade Commission. 2012. Remanufactured Goods: An Overview of the U.S. and Global
Industries, Markets and Trade. Washington, D.C.: U.S.: U.S. International Trade Commission.
UN General Assembly. 2005. "Resolution adopted by the General Assembly 60/1. 2005 World Summit
Outcome." Sixtieth Session. Agenda Items 46.
UN International Trade Statistics Knowledgebase. 2018. "Harmonized Commodity Description and Coding
Systems (HS) (Classifications, Commodity Codes, Commodity Description, HS, HS code search,
WCO)."

https://unstats.un.org/unsd/tradekb/Knowledgebase/50018/Harmonized-Commodity-

Description-and-Coding-Systems-HS.
UNEP. 2005. E-waste, the hidden side of IT equipment’s manufacturing and use. In Environment Alert
Bulletin 5, edited by Division of Early Warning and Assessment. Nairobi: United Nations
Environment Programme.
UNEP. 2011. Decoupling: natural resource use and environmental impacts from economic growth. In A
Report of the Working Group on Decoupling to the International Resource Panel, edited by M.
Fischer-Kowalski, M. Swilling, E.U. von Wiezsacker, Y. Ran, Y. Moriguchi, W. Crane, F.
Krasmann, N. Eisenmenger, S. Giljum, P. Hennicke, P. Remero Lanka, A. Syrian Manalang and S.
Sewerin. Nairobi: United Nations Environment Programme.
UNEP. 2014. Decoupling 2: technologies, opportunities and policy options. In A Report of the Working
Group on Decoupling to the International Resource Panel, edited by Ernst Ulrich von Weizsäcker,
Jacqueline Aloisi de Larderel, Karlson Hargroves, Christian Hudson, Michael Harrison Smith,
Maria Amelia Enriquez Rodrigues, Anna Bella Siriban Manalang, Kevin Urama, Sangwon Suh and
Mark Swilling: United Nations Environment Programme.
UNEP. 2016a. Global material flows and resource productivity. In An Assessment Study of the UNEP
International Resource Panel, edited by Heinz Schandl, M Fischer-Kowalski, J West, S Giljum, M
Dittrich, N Eisenmenger, A Geschke, M Lieber, HP Wieland and A Schaffartzik. Paris: United
Nations Environment Programme.
UNEP. 2016b. Resource Efficiency: Potential and Economic Implications. In A Report of the International
Resource Panel, edited by P Ekins, N Hughes, S Brigenzu, C Arden Clark, M Fischer-Kowalski,

346

T Graedel, M Hajer, S Hashimoto, S Hatfield-Dodds and P Havlik. Paris: United Nations
Environment Programme.
UNEP. 2017. Assessing global resource use: A systems approach to resource efficiency and pollution
reduction. edited by S. Bringezu, A. Ramaswami, H. Schandl, M. O’Brien, R. Pelton, J. Acquatella,
E. Ayuk, A. Chiu, R. Flanegin, J. Fry, S. Giljum, S. Hashimoto, S. Hellweg, K. Hosking, Y. Hu,
M. Lenzen, M. Lieber, S. Lutter, A. Miatto, A. Singh Nagpure, M. Obersteiner, L. van Oers, S.
Pfister, P. Pichler, A. Russell, L. Spini, H. Tanikawa, E. van der Voet, H. Weisz, J. West, A.
Wiijkman, B. Zhu and R. Zivy. Nairobi: United Nations Environment Programme.
UNEP, International Resource Panel. (in press). Assessment of Resource Efficiency and Innovation in
Circular Economy through Remanufacturing, Refurbishment, Repair, and Direct Reuse. edited by
N. Z. Nasr.
UNEP IRP Beijing Workshop, and N. Nasr. 2016. UNEP International Resource Panel Stakeholder
Workshop: Assessment of Resource Efficiency and Innovation in Circular Economy Through
Remanufacturing, Refurbishment, Repair and Direct Reuse. edited by J. Russell.
UNEP IRP Berlin Workshop, and N. Nasr. 2016. UNEP International Resource Panel Stakeholder
Workshop: Assessment of Resource Efficiency and Innovation in Circular Economy Through
Remanufacturing, Refurbishment, Repair and Direct Reuse. edited by J. Russell.
UNEP IRP Workshop, and N. Nasr. 2016. UNEP International Resource Panel Stakeholder Workshop:
Assessment of Resource Efficiency and Innovation in Circular Economy Through
Remanufacturing, Refurbishment, Repair and Direct Reuse. edited by J. Russell.
United

Nations.

2017.

"Sustainable

development

goals

-

United

Nations."

http://www.un.org/sustainabledevelopment/sustainable-development-goals/.
United Nations. 2018. "Economic Growth - United Nations Sustainable Development."
Van Ewijk, Steven, and JA Stegemann. 2016. "Limitations of the waste hierarchy for achieving absolute
reductions in material throughput." Journal of Cleaner Production 132:122-128.
Velte, Christoph J, and Rolf Steinhilper. 2016. "Complexity in a Circular Economy: A Need for Rethinking
Complexity Management Strategies." Proceedings of the World Congress on Engineering, London,
UK.
Wang, Yacan, and Benjamin T Hazen. 2016. "Consumer product knowledge and intention to purchase
remanufactured products." International Journal of Production Economics 181:460-469.
Wang, Yacan, Vincent Wiegerinck, Harold Krikke, and Hongdan Zhang. 2013. "Understanding the
purchase intention towards remanufactured product in closed-loop supply chains." International

347

Journal of Physical Distribution & Logistics Management 43 (10):866-888. doi: 10.1108/IJPDLM01-2013-0011.
Waring, Joseph. 2014. "Number of devices to hit 4.3 per person by 2020." Mobile World Live, Last
Modified

2014-10-16,

accessed

03-Feb-2018.

https://www.mobileworldlive.com/featured-

content/home-banner/connected-devices-to-hit-4-3-per-person-by-2020-report/.
Weeks, John. 1975. "Policies for expanding employment in the informal urban sector of developing
economies." International Labor Review 111:1.
Weiland, Fernand. 2014. European Remanufacturing of Heavy Duty and Off-Road Vehicle Components.
edited by Automotive Parts Remanufacturers Association. Italy.
Weitzel, Tim, Oliver Wendt, and Falk V Westarp. 2000. "Reconsidering network effect theory." ECIS
2000 Proceedings:91.
World Bank. 2015. Ease of Doing Business Index. The World Bank Group.
World

Bank.

2016.

"World

Development

Indicators."

accessed

22-Nov.

http://data.worldbank.org/data_catalog/world-development-indicators.
World Economic Forum, and Ellen MacArthur Foundation. 2014. Towards the circular economy:
Accelerating the scale-up across global supply chains.
World Energy Council. 2015. Energy Efficiency & CO2 Indicators.
World Trade Organization. 2009. Market Access for Non-Agricultural Goods: Answers to Questions from
China on Remanufacturing. edited by Negotiating Group on Market Access.
Yong, Ren. 2007. "The circular economy in China." Journal of material cycles and waste management 9
(2):121-129.
York, Dan, and Bentham Paulos. 1999. A Discussion and Critique of Market Transformation: Challenges
and Perspectives: The Center.
Yu, Jinglei, Eric Williams, and Meiting Ju. 2010. "Analysis of material and energy consumption of mobile
phones in China." Energy Policy 38 (8):4135-4141.
Yuan, Z., J. Bi, and Y. Moriguichi. 2006. "The Circular Economy: A New Development Strategy for
China." Journal of Industrial Ecology 10:4.
Zhang, Kai, Jerald L Schnoor, and Eddy Y Zeng. 2012. E-waste recycling: where does it go from here? :
ACS Publications.
Zink, Trevor, and Roland Geyer. 2017. "Circular economy rebound." Journal of Industrial Ecology 21
(3):593-602.

348

Zink, Trevor, Frank Maker, Roland Geyer, Rajeevan Amirtharajah, and Venkatesh Akella. 2014.
"Comparative life cycle assessment of smartphone reuse: repurposing vs. refurbishment." The
International Journal of Life Cycle Assessment 19 (5):1099-1109.
Östlin, Johan, Erik Sundin, and Mats Björkman. 2009. "Product life-cycle implications for remanufacturing
strategies." Journal of Cleaner Production 17 (11):999-1009.
Ülkü, Sezer, Claudiu V Dimofte, and Glen M Schmidt. 2012. "Consumer valuation of modularly
upgradeable products." Management Science 58 (9):1761-1776.

349

Footnotes to Appendix A
i MGX Copy. 2014. “What’s the difference between offset printing versus digital printing”. MGX Copy
Blog. https://www.mgxcopy.com/blog/san-diego-printing/2014/05/27/whats-difference-offsetprinting-versus-digital-printing/. Accessed 03-24-2017.
ii Chapman, A. 2009. “Product Group Report: Printing Presses: A study of the remanufacturing of offset
& digital printing equipment in the U.K. Center for Remanufacturing and Reuse.
www.remanufacturing.org.uk/pdf/story/1p300.pdf.
iii Stewart, A. 2016. “The Offset-Printing Department: Alive & Well or in the ICU?” QP Consulting.
http://quickconsultant.com/offset-alive-well-or-in-the-icu/#more-925. Accessed 24-Mar-2017.
iv Per U.S. 2013 Census, NAICS (333244, 333316), reflecting value of printing machinery and
equipment manufacturing (333244) and photographic and photocopy equipment manufacturing
(333316).
v Est. based on an estimate of share of Global Market, which is $21.5B USD, per Adams, H. and S. Hill
"Fundamental Change in Printing Equipment Leads to Growth", 2013.
http://www.smitherspira.com/news/2013/may/change-in-printing-equipment-leads-to-growth.
Accessed 25-Jan-2017; and estimated of Europe share (45%), reduced to 25% for Germany, per
Production Printer Market by Type. 2016. http://www.marketsandmarkets.com/MarketReports/production-printer-market-29764400.html. Accessed 25-Jan-2017.
vi Est. based on an estimate of share of Global Market, which is $21.5B USD, per Adams, H. and S. Hill
"Fundamental Change in Printing Equipment Leads to Growth", 2013.
http://www.smitherspira.com/news/2013/may/change-in-printing-equipment-leads-to-growth.
Accessed 25-Jan-2017; and estimated of rest-of-world share (5%), reduced to 2% for Brazil, per
Production Printer Market by Type. 2016. http://www.marketsandmarkets.com/MarketReports/production-printer-market-29764400.html. Accessed 25-Jan-2017.
vii Estimated per China - Global Print Power Leader. 2014.
http://www.npes.org/newevents/newsroom/content.aspx?topic=China_Global_Print_Power. Accessed
25-Jan-2017.
viii "4 Spark-Ignition Gasoline Engines." National Research Council. 2011. Assessment of Fuel Economy
Technologies for Light-Duty Vehicles. Washington, DC: The National Academies Press. doi:
10.17226/12924.
ix Najjar, Yousef SH. "Alternative fuels for spark ignition engines." Open Fuels & Energy Science
Journal 2 (2009): 1-9.
x The Automotive Parts Remanufacturers Association. 2008. http://www.apra.org/.
xi International Economic Development Council, 2013 “Creating the clean energy economy: Analysis of
the electric vehicle industry”.
http://www.iedconline.org/clientuploads/Downloads/edrp/IEDC_Electric_Vehicle_Industry.pdf.
Accessed 09-Feb-2017.
xii JATO Dynamics Ltd. 2016. “Focus on Germany: Electric, Hybrid, and Plug-In Hybrid Vehicles
FY2015 Market Overview”. http://www.jato.com/wp-content/uploads/2016/03/JATO-Market-FocusGermany-Electric-Hybrid-Plugin-Hybrid-Vehicles-2015.pdf. Accessed 09-Feb-2017.
xiii International Council on Clean Transportation, 2015. “Brazil Passenger Vehicle Market Statistics:
International Comparative Assessment of Technology Adoption and Energy Consumption”.

350

http://www.theicct.org/sites/default/files/publications/Brazil%20PV%20Market%20Statistics%20Rep
ort.pdf. Accessed 09-Feb-2017.
xiv International Council on Clean Transportation, 2015. “Brazil Passenger Vehicle Market Statistics:
International Comparative Assessment of Technology Adoption and Energy Consumption”.
http://www.theicct.org/sites/default/files/publications/Brazil%20PV%20Market%20Statistics%20Rep
ort.pdf. Accessed 09-Feb-2017.
xv U.S. International Trade Commission. 2012. Remanufactured Goods: An Overview of the U.S. and
Global Industries, Markets and Trade. Washington, D.C.: U.S.: U.S. International Trade Commission.
xvi European Remanufacturing Network. 2015. Remanufacturing Market Study. European Commission.
xvii "Products " Machines " Off-Highway Trucks " Mining Trucks " 797B Benefits & Features
Powertrain - Engine". Caterpillar Website. Caterpillar Inc. Archived from the original on 2009-12-10.
xviii The Automotive Parts Remanufacturers Association. 2008. http://www.apra.org/.
xix Caterpillar. 2015. Turbochargers.
https://parts.cat.com/en/catcorp/turbochargers#facet:&productBeginIndex:0&orderBy:&pageView:gri
d&minPrice:&maxPrice:&pageSize:&. Accessed 20-Mar-2017.
xx Per U.S. 2013 Census, NAICS (333120, 333131), reflecting value of construction machinery and
equipment manufacturing, and mining machinery and equipment manufacturing.
xxi Germany Trade & Invest. 2016. Industry Overview: The Machinery & Equipment Industry in
Germany. https://www.gtai.de/GTAI/Content/EN/Invest/_SharedDocs/Downloads/GTAI/Industryoverviews/industry-overview-machinery-equipment-en.pdf?v=11 Accessed 20-Mar-2017
xxii EMIS. Machinery & Equipment Sector Brazil. 2014.
https://www.emis.com/sites/default/files/EMIS%20Insight%20%20Brazil%20Machinery%20and%20Equipment%20Sector.pdf. Accessed 20-Mar-2017
xxiii Freedonia Group, 2015. “Construction Machinery in China to 2016 - Demand and Sales Forecasts,
Market Share, Market Size, Market Leaders”. http://www.freedoniagroup.com/ConstructionMachinery-In-China.htm. Accessed 12-July-2016

351

